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This represents the final report of the research performed for the Office of Naval

Research under Grant No. ONR N-00014-89-J-1787. Although this report is to cover only the

period from 4/1/89 to 12/31/91, we will include selected items from the previous grant No.

ONR N-0014-87-K-0065 in order to provide continuity between the two. By all measures of

performance, this research project has been an enormous success. Over ten major publications

have resulted from this program. Seven of these publications have appeared in Physical Review

Letters. This project has supported two post doctoral students and three graduate students. In

addition, it has contributed to the scientific and professional advancement of associate professors,

C. S. Feigerle of the University of Tennessee and H. P. Saha of the University of Central

Floida. Two student have completed their Ph.D. dissertation in this program and another is

scheduled to receive his in the summer of 1992.

This program has helped to launch the scientific careers of two former post doctoral

students. Dr. Thomas J. Kavale, a post doctoral student from the University of Missouri, was
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responsible for the studies of Be- and Hej. He is continuing these studies at the Uriversity of

Toledo where he has been very successful in the atomic physics community. Tom has beena able

to support his program through DOE. A second post doctoral student from Rice University, Dr.

Howard S. Carman, Jr. was involved in studies of high power laser multiphoton ionization

spectroscopy. His studies of photoelectron angular distribution (PADs) for cesium was the first

clear demonstration of relativistic effects on PADs. Howard is now a permanent employee of

the Oak Ridge National Laboratory. Dr. Adila Dodhy, a former graduate student from Auburn

University, was also involved in high power laser multiphoton ionization studies. She is now

employed at the Max Planck Institute in Germany. Dr. Perry Blazewicz, a graduate student

from Yale University, completed his Ph.D. dissertation on multiphoton ionization of rare gases

under the ONR support. He is presently a chemistry professor at the University of Puget Sound

and Pacific Lutheran Coliege.

The research performed on this grant is adequately described in the appended reprints.

The significance of this program is underlined by the large number of Physical Review Letter

articles, publications which are reserved for those studies of significant and wide spread

scientific interest. We will summarize most of these below pointing out only the most significant

results. The front page only of pertinent publications prior to 1990 are included as an appendix.

Experimental and Theoretical Studies of He- 4p and te7 (4H)

Much of our experimental effort has been devoted to understanding the structure and

dynamics of the He- 4p ion. Previously we had observed its energy level [R. N. Compton, G.

D. Alton, and D. J. Pegg, J. Phys. B 13, L651 (1980)] and measured its auto-detachment

lifetime.

More recently, we have measured partial cross sections [D. J. Pegg, J. S. Thompson,

J. Dellwo, R. N. Compton, and G. D. Alton, Phys. Rev. Lett. 64, 278 (1990)] and angular

distributions [J. S. Thompson, D. J. Pegg, R, N. Compton, and G. D. Alton, J. Phy. B 3, L15

(1990)] for the photodetachment of electrons from the metastable He- 4P' negative ion. 0

Our studies of HC 4PO were culminated with a recent theoretical study of the

photophysics of He- 4PO [H. P. Saha and R. N. Compton, Phy. Rev. Lett, 64, 1510 (1990)].

In this study the multiconfiguration Hartree-Fock method which includes the effects of dynamical

core polarization and electron correlation was used to calculate the photo-detachment cioss ,CuuS
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sections and asymmetry parameter (i3,.€) for both the 2s and 2p electrons. Excellent agreement

was found with previously measured values in the limited range of the experiment. This was

a tour deforce calculation and in the words of one referee, "will become a classic."

Shortly after learning that He; ions had been observed at Stanford Research Institute, we

immediately began studies of the properties of this new and unexpected ion. We were able to

employ fast-beam autodetachment spectroscopy studies of (30 - 65 KeV) He; ion beams in order

to measur" the electron affinity of He2 (a3 E). We found that He; (N) in the v = 1 state

autodeta, hed to He2 (a3E;X, 0 + e. In the center of mass frame this electron energy is

exceedingly small, however, using the kinematic shift of the fast He2- ion beam allowed us to

accurately measure those electrons which autodetach in the forward and backward direction of

the center of mass system. In order to complete these experiments, it was necessary to measure

the autodetachment energy for the isotope 3He; (41IX= as well as 4Hej (4 lX.t. Fortunately,

the ORNL Physics Division had a tank of 3He left over from the war years. We calculated that

in order to replace our sample with a commercial source would have cost - 10 dollars. From

these studies we obtained an electron affinity of 0.175 ± 0.032eV for the ' He2 (a'E,) state by

comparison of the 'He- and 4He spectra. In addition to vibrational autodetachment we also

observed the novel autodetachment of He; into the He2 (x'E,+) + e repulsive continuum. This

last observation has been the subject of numerous recent theoretical calculations.

As a result of the above studies we have contributed heavily to the understanding of the

properties of He 4P) and Hej OII). These ions are of theoretical as well as practical interest.

He (4P) is used in tandem accelerators throughout the world.

Experimental Studies of Be 4P and Ca- (4s24p)2P"

Previously in our ONR grant we reported the first experimental measurement of the

energy level for the metastable Be- (Is'2s2p) 4P state at 2.53 + 0.09eV. Fast beam

autodetachment spectroscopy was employed in which collisional detachment was used to

accurately determine the electron energy scale calibration [T. J. Kavale, G. D. Alton, R. N.

Compton, D. J. Pegg, and J. S. Thompson, Phy. Rev. Lett. 55, 484 (1985)].

In 1987, we reported the first experimental evidence for a stable negative- ion of calcium

[D. J. Pegg, J. S. Thompson, R. N. Compton, and G. D. Alton, Phys. Rev. Lett. 9, 2267

(1987)]. This was the first report of a stable negative ion for a group II A element. In addition
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we employed negative ion photoelectron spectroscopy to determine the electron affinity of Ca

to be 0.043 ± 0.007eV. Many theoretical calculations have ensued which agree with this

electron affinity. A recent experimental value (J. R. Peterson, to be published) places the EA

somewhat lower. Both experiments agree that the EA is positive. This research was cited in

numerous popular press and newspaper articles.

Laser Multiphoton Ionization Lf Atoms

In addition to studies of la ier photodetachment of negative ions, this research has been

concerned with high power laser multiphoton ionization photoelectron spectroscopy of atoms.

Below we will briefly describe the more important results of this research.

In the first study, Ms. Adila Dodhy's Ph.D. thesis (Auburn University) was devoted to

multiphoton ionization photoelectron angular distributions for alkali atoms. 'n particular,

photoelectron angular distributions were measured for non-resonant two-photon ionization of

cesium and rubidium atoms just above the ionization threshold [A. Dodhy, R. N. Compton, and

J. A. D. Stockdale, Phy. Rev. Lett. 54, 422 (1985)]. The results compared favorably with

theoretical estimates based upon non-relativistic atomic wave functions. Other papers in this

general area were published.

The Ph.D. thesis of Dr. P. Blazewicz (Yale University) reported the first photoelectron

angular distributions from resonantly enhanced multiphoton ionization of xenon via the 6s[3/2]0

and 6s'[1/2]1 states [P. R. Blazewicz, X. Tang, R. N. Compton, and J. A. D. Stockdale, J. Opt.

Soc. Am. B4, 770 (1987)]. Again theory was included in the analysis.

The Ph.D. thesis of M. L. E. Cu6llar (University of Tennessee) will include MPI studies

of alkali atoms. One of hi, studies invoived the first measurements of photoelectron angular

distribution for ns (,- = 8-12) subshells of cesium [L. E. Cu6llar, R. N. Compton, H. S.

Carman, Jr., and C. S. Feigerle, Pny. Rev. Lett. 65, 163 (1990)]. In a separate study Mr.

Cu6llar reported the first circular dichroism effect in photoelectron angular distributions for an

atom [L. E. Cudlar, C, S. Feigerle, H. S. Carman, Jr., and R. N. Compton, Phy. Rev. A 43,

6437 (1991)]. Both of these studies represent the very first measurements in the field, Other

publications are being prepared. Mr. Cu~llar expects to graduate this s,,mmer.

The benefactors of the ONR grant are very appreciative of the unconditional support of

Dr. Bobby Junker and Dr. Peter Reynolds of the Office of Naval Research. We feel that the
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success of our research is partly due to the flexibilty, interest and support these contract

monitors have demonstrated over the past few years. In addition to the research published,

which is included as publications, we list other measures of success below.

Ph. D. Thesis

Adila Dodhy, "Photoelectron Angular Distributions for Cesium, Rubidium, and
Sodium Atoms using Multiphoton Ionization" Auburn University, 1987.

Perry Blazewicz, "Multiphoton Ionization and Third-Harmonic Generation in Krypton
and Xeron" Yale University, 1988.

Luis Cudilar, "Multiphoton Ionization of Alkali Atoms" The University of Tennessee,
in progress.

Awards

R. N. Compton, J. W. Beams Award (1991) for studies of negative ions and
multiphoton ionization.

C. S. Feigerle (University of Tennessee, Department of Chemistry) received
tenure and promotion from Assistant to Associated Professor.
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Photoelectron angular distributions from resonantly
enhanced multiphoton ionization of xenon via the 6s[3/210

and 6s'[1/2] states: experiment and theory
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hIhotorlectron energy wd nogolar distributions are reported for resonnutly enhanced onultiphoton ionliation
(ItRMI'l) Ihrough Ihe li.er-phoon-nlowed l:1/21 nod .i'l 1/2j, states of xenon nt Iner.power dhnslties of-to..-
It)' W/riu2 . ionization froin three-photon resonance with 1he 6s(3/21 state given two photolectron peaks Corte.
sponding to leaving the ioin in either the 71' 0 or the 2I',n state, It is round (lit the two groups of photoelerons
ivc distin'tly (ifferent ngulnr distrihutlion, Cnlculntions indicate that configurnlion mixing in the On manifold

is inportant inl desrihing Iho observed angular distribltions. IRMI'i via the CW'Jl/211 state gives one min
phololec ron penk resulting front iiotoioniratioi to the 21', state of the ill. Two additional peaks of higher.
energy photrleef it tire spen, which tre (ti thle absorpilinn of an additionil photon berore ionfiation. Strong
core-chinigiog processes tre evident in the spectra.

INTRODUCTION (Quanta-Ray P1L-2) pumped by a Nd:YAG laser (Quanta.

Measurements of photoelectron angular dlistrib~utions re- Ray DCR) has its polarization purified by n Glant air prism
e nd is focused into the vacuum chamber with a 50. or 38-mm

suiting from muiphoton ionization (M bin) of atom repre- focal-length lens to a power density of ,-109-1011 W/cm'.
sent an active area r,f research.' When combined with the- Thlae ea cre xontm ntduditoie

ory, these studies provide much insight, into the dynamics of The laser beam croses xenon atoms Introduced Into the
• vacuum chamber through a p~ulsed nozzle (I~asertechnics,

the ionization process and the wave functions describing the inc.). The gas jet from the nozzle is perpendicular to the

intermediate and continuum states.2  Ile) h a e rmIlenzl spredclrt h

Previous reports by Compton et a!n and Miller and laser beam amd to the normal to the entrance face of the

Co srpton4 have given the photoelectron energy spectrum for electrostatic energy analyzer. The analyzer has a 12.7-cm
MPI resonantly en ia phot on resonance wth mean radius, twice the size of those previously employed in
the xeoniy(312enhanced via three-photon rowe with this laboratory.' , This larger analyzer allows for higher
the xenn 6s3/211 state. These have been followed by mea- resolution or greater througiput of electrons at a given reso-
distributions for the I ahotoelecls.s produced in is 13 + 2 ition. The analyzer is operated in the fixed-pass energy
isitions+ mode. Photoelectrons selected by the analyzer are detected

iere, wereortareinvetigationiofthaeoeMPI )otoelec- with a dual-microchannel plate detector, and the signa! is

tro e, angular distributions and note featores unseen in the preamplified, averaged with a boxcar averager (FG&G PAR)
preious a rgprts. Ist ition, we reortileirst nse inh and recorded on an x-y plotter. rhe plane of polarization ofprevious rdeports. In~ addition, we replort th~e first observa- the dye laser was rotated continuously with a double Fresnet

tion to our knowledge of photoelectron energy and angular rhomb driven by a stepping motor to obtain continuous

distribution spectra from the corresponding MPI resonantly angular distributions. MPi of xenon is studied through the

enhanced through the Gs'1/2)] state. These two resonant ([32)a state around 4,10.8 nm using the dye Coumarin 40

ionization processes yield different photoelectron angular and through tie 6s'1/2 state at 388.6 40ni using the dye

(list ribut ions. The experinental resuL are compared with !dt9a.

mull ichannel-quantum-dcfct heory (MQ:)'I') calculations.

RESULTS AND DISCUSSION
EXPERIMENT Figure 2 shows the energy-level diagrams, together with a
A sch'niat i diagram of (he experimental al)paratus is global picture oft le p)IotOele('tron energy spectra and angu-
shown itt Fig I. The oulptlt ola pulsed, aniplified dye laser r distributiowt, for resonanitly enhanced multiphoton ion-
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AUTODETACHMENT SPECTROSCOPV OF METASTABLE NEGATIVE IONS

T.J. KVALE *, G.D. ALTON and R.N, COMPTON *
Oak Ridge Narional Laboratory, Oak Ridge, Tennesseee 3 7831-6125, USA

3.5. THOMPSON and D.J, PEGG "
Thse Universiv of Tennessee, K'noxville, Tennessee 37996, USA

T'his paper is a review of some of our recent mea-surements on the metastable negative ions. Be -and H-, using the technique or
fast-beam autodetachment spectroscopy

1. Introducetion (152 2s2p')'P [4) state in the atomic ion. Be-, and the
(Is 1so 2sa 2pf )4fln state in the molecular ion. lie-

Negative jot s are of considerable current interest for by the use of the method of fast-beam autodetachment
both theoretic d and practical reasons We have devel- spectroscopy.
oped an expenimental technique - fast-beam autode,
tachment spectroscopy - whiFch permits us to investi,
gate the structure of rnetie~able negative ions, These 2. Experimental arrangemnent
ions are formed when an electron attaches itself to an
atom or molecule in a metastable excited state to form a The major components of the apparatus are shown
configuration in which the spins of all the active elc. in fig 1. An accelerator is used to produce a positive ion
trons are aligned Stich spin-alignecd states are metasta- beam of the desired kinetic energy. The beam energy it
ble against atttodetachnient and if they' are the chiosen to efficiently produce negative ions by a
lowest-lving state of a gisen multiplicitN they are alho double-electron capture process in a lithium vapor
metastable against radiative decaN Esentualts. such charge-exchange cell through which the positive ion
state,; relax via forbidden autodetachinent processes ssith beam is passed following momentum analysis. The dif-
lifetimes, tvpicalls - 10 to It)0 s In this paper we ferenit charge state components in the beam emerging
review sonme of our recent mecasutemntns on metastable fiin the charge exchange cell are separated electrostati.
Bie and lc ions 11,21 call% and the negative ions are deflected by 10* into a

The souirce of the metastahle negative ionk situdied beam line containing a gas cell, a spherical sector cc-
uising this experimental technique is a finst movitng and trosintic cnergy anaiwer. and a shielded raradav cup
unidirectional bean produced by charge -hanging a The spatial separation between the charge-exchange cell
beam of momentum-selected positive ions in an alkal and the electron spectrometer corresponded. at the beam
vapor cell The metastable spin-aligned state is formed energzies used in these measorements. io a time delav of
following the sequential capture of two electrons The a fe%% microseconds between the production of the
(ls~s~p)dP state of lie is perhaps the most familiar metastable negative ion state and the detection of clee-
state of this type In addition to investigating lie ("P), trons from the autodetaching decay of 'he state This
we have successfully produced and studied analogou.. arrangement ensures that we are studybing only those
doubly-excited and spin-aligned states such as the states that are metastable against both autodecqehment

and radiatiis dccav The gas cell is used to pncucc.
when needed. a high-pressure region just in front o, lhe

Pre~ni ddrss epatmet ofPloicsandA~tonon%. spectrometer for the pirpose of collisionally strippint

The Universits of Toledo. Toledo, Ohio 43606. LISAelcrnfomh egtvinbamTelcrn

Alse with the D~epartment of Chemistr% The Uni~er~aii of signal from the eniergy analyzer is stored in a CAMAC-
Tennessee. '(noxvilie, Tennessee 37996. USA based multichannel scalar data acquisition system Three
Also %o.:i the Physics Disison OA Ridge I~.aiional pairs of mutuall% perpendicular lielmholtz coils are
Laboratorv. Did 5500. NIS 3,7, P0 Box X. Oak Ridge. used to reduce stray' magnetic fields in the vicinity of
Tennessee 37831, USA thie electron spectrometer

0168.583X/97/$03 50 ', Elses je Science Publirs B V.I ATONIK PHtYSIC S / RELATED PiENONIENA
(Nortih-llolland Phyvsics Publishing Division)



Vo tun-i 59. NumitER 20 PHYSICAL REVIEW LETTERS 16'NovfkMkAIi987 ' -

Evidence for a Stable Negative Ion of Calcium -.

D. J. Pegg € and J. S. Thompson
Department of Phy'sics. The Universit , of Tennessee. Knoxvilli, Tennessee 379961

and

R. N. Compton (b) and G. D. Altoni
Oak Ridge National Laboratory. Oak Ridge, Tennessee 37831.

(Received 31 Aupust 1987)

We present experimental evidence for the existence of a stable Ca ion formed in the b6und4sl4p 2P
state. This result represents the first rcport of a stable negative ion for i grouo-ILIA element. The struc
ture of Ca was determincd by means of photoelectron detachment spectroscopy. The electron amlnit/
of Ca was neasured to be 0.043 ± 0.007 eV, which is in good agreement with a recent calculation.

PACS numbers: 32.80.1'b, 35.10.11n

In this paper we report on the first experimental deter- clude that the Ca- ion was probably stable despite the
mination of the structure of the Ca - ion. We show, js- lack of theoretical evidence at that time. In a recent cal-
ing photclcctron detachment spectroscopy, that this ion culation inolving extensive correlation effects, Froese
is stably bound, being formed in the 4s 24p 2p state. This Fischer and co-workers 13 predicted that the 4s,24p 2P
result is unexpected since in the past it has been general- state in the Ca - ion is bound by 0.045 eV with respect
ly believed that negative ions of all the group-IlA (alka- to the ground state of the Ca atom,
line earths) elements are unstable. 1.2 The 2s 22p 7P state The present photodetachment spectroscopy measure-
in Be-. for example, has been shown to lie -- 0.5 eV ments were made with the crossed-beam apparatus
above the ground state of Be.J' Similarly, the 3s23p 2P shown schematically in Fig. 1. The overall apparatus is
state in Mg - has been detected as a shape resonance in similar to that used in our earlier autodetachment inca-
the electron-atom elastic-scattering cross section at surements |1 14 .15 anda previous photodetachment cross-

-0.15 eV. section measurement, 16 A beam of Ca- ions was pro-
The existence of the Ca- ion has been known for duced by our passing Ca + ions in the energy range from

some time. ticinicke et al.6 for example, extracted this 60 to 80 keV through a Li-vapor charge-exchange cell.
ion from a cold-cathode Penning-discharge source and, A study of the production of Ca - ions as a function of
on the basis of time-of-flight arguments, estimated a beam energy and Li target density has been reported by
lower limit of = 10 jis on its lifetime. The ion has also Alton et al.' Following a delay of a few microseconds,
been produced in double electron-capture collisions be- the beam leaving the charge-exchange cell was charge-
tween Ca + ions and alkali-m'etal vapors. '- Calculations state analyzed and the negative component was deflected
such as those of Kurtz and Jordan, 9 however, failed to through 10" into a beam line containing a spherical-
predict a stable state for the Ca- ion but a calculation sector electron energy analyzer. Just prior to the en-
by Bunge et al." did predict a metastable state, the trance of this analyzer the negative-ion beam was
spin-aligned 4s4p 2 4p state. Earlier, we made an unsuc- crossed perpendicularly with a photon beam from a
cessful search for the electrons that should have served linear flashlamp-pumped pulsed dye laser (Candela Cor-
as a signature of the autodetaching decay of this meta- poration model LFDL-8). The laser was operated at a
stable state. We were successful, however, in identifying repetition rate of 10 Hz and the pulse duration was 2.2
the 2s2p 24P state at the lighter group-llA element, ps. The linear polarization ve-tor of the laser beam was
Be-, in similar experiments."l Subsequently, it was aligned along the ion beam axis. The bandwidth of the
shown by Beck 12 that the lifetimes of the levels associat- laser was 2 A. A 10-cm focal-length lens was used to
ed with this metastable state in Ca - were reduced to the focus the laser beam onto the ion beam. The lens pro-
subnanosccond range by the strength of the magnetic in- duced a focal diameter of about 0.2 mm. The maximum
teractions that drive the autodetachment process. In our laser power used in the experiment was =0.5 MW
case the time delay between the production of the ions which produced a power density of == 10 W/cm 2 in the
and their detection was a few microseconds. It thus be- interaction region. The optical or ac Stark effect on a
came clear that metastable states such as the 4s4p 24P bound-continuum transition is known to be generally
state could not be responsible for the existence of the small (except for possible resonances in the continuum)
long-lived Ca - ions observed in this experiment and ear- at photoionization thresholds. Similarly, at photodetach-
Her by ileinicke et al.' As a result we were led to con- ment thresholds the cross sections are small and any

0 1987 The American Physical Society 2267
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Aptodetacinent Specto-scopyof Metk al e

OakRidke Nqtiofial Labo.rory. OkRd,6qc.e 381 ,

and

J. S. Thomfpson and'D. J. PeggtbW
7lic Unii'ersio, (/ Tennessee, Knoxiille, Tennessee 3 7996

(Rccivid S Nnvcmbcr 1985)

Two distinct autodetachnicnt charnels are observed in the electron cnicrgysctio .9c-
formed by double charge exchange oft energetic Jllc2 (30-65 keV) in lithiipill viapr. A~singlerha ,r-,
row peak has a ccntcr-of-mass-cncrgy of 11.5 ± 2.6 meV, and isattributc(Itovibrational autbdc-
taichmcnt kCg., l~c2 (4TIh..i- 11C2 (aq4.)'h-olel. A second broad peak.hls center-of- mass -

energy of 15,78 ±0.13 eV and results from autodtichmcnt of~le into tlie lle2(X III) + erepuI-
sive continuum. An electron affinity of 0.1 75 ±0,032 eV wasidctcrmlined4orth leb 3 }at
by comparison Of the 1 cr2 and1112 4 lle utoiletaichnint spectra.

PACS numbers: 33M8O. '. 35.20.V'

I here has beco considlerable recent intercst in meta- state for internu 'clear. separations 6 A. For intcrnp.-
stable negative ions. Atomic negative ions such as clear separations near the potential, minimum I
Ille' (see Alton, Compton, and Peggi), Be- (see [The A), the 11e2 - 41 state tracks sufficiently closcAb the
and1 Peterson2 and Kvale et a0.), and] Li- (see Birooks lie (a' 3 I~ I) state that it was not possible to deter-
et at"~) have rccived thle most attention. P'articular, t. mine whether this state is stable. More extensive Ofl-
tentdon has been devoted to theoretical studies of culations or, this ,potential show-tIhat, ther 4% state Iis
l'eshhbach resonances of atomic systeni.. Long-lived unbound at all inernuclear separations)10 lBae, Cog-

T -- 10 s) polyatomic negative ions are known to giola, and Peterson. estimated autodetachmcnt rates
exist as; electronically or nucleor excitcd Feshbach res- for 11c2- and observed somec Ions with lifetinics
onancesh and lifetimes for many of these systems have exceeding, 10-4 s and others with lifetimes or lessthn
been measured. Although a few mctastahle (diatomic 10-5 s. these authors point out-the possibility of'de-
negative ions arc known to exist. little is knowvn about cay of an ensemble of metastable rovibronic States of
the energy levels and autodetachmcent lifctimecs oit ie2 -
these Specics. One niotale exccption is thle study of Experimental dctails can-befound in previous publi-
thle -111odMetaChmentl of C2  by Helfter c al.' cations."3  Briefly, a 11e2+-ion beam formed in a

InI this note, we present the first experimcntal data hollow-cathode positive-ion source was accelerated to
on (ihe sti cture of l ie, - obtainedl via III odctachnment 30-65 keV and momentum analyzed by a-90 bending
spectroscopy of' a 111t ie2 - negative-ion beam. Two magnet. The lie2 +ion beam, was then 'focused
very distinct autodetachment processes are observed, through a lithium-vapor charge-exchange cell located,3
one involving vibrational autodctachment and a m from thie bending magnet and 1- rn from !he elec-
secondl process that we call "ex ,cimer autodetach- Iron spectrometer. The positive, negative, and neutral
mentII wvhich involves detachment into thle Iie( S ) particies emergent from the lithium-vapor cell were
+-I le(' S) + e continuum, The high resolution possi- electrostatically separated upon entrance into the ex-
ble in (lhe center-of-mass system for mo1(st light species perimental chamber. 11e2 _ ions passing into, the
(< 10 meV), along with thie ability to study ultralow- chamber were deflected by 100 into the electron 'spec-
i'neray electrons. establishes this technique as aI power- irometer. The electrostatic charge-state separation sys-
fut1 method ol molccular spectroscopy%. tem was also effective in eliminating lower-energy

Long-livci nmetastable negative-ion beamns of 11e 2 _ ion-beam fragments which could be produced by col-
have rccently been produced by Bac, Coggiola, and lisional processes. By adjustment of the deflector po-
Peterson$ by using (double charge! exchange of Iie2' tential, a lower-intensity He- (4p,) beam, resulting
ion,; with cesium vapor. Thie electronic structure of from the breakup of lle2+ in collisions with lithium.
Ile,- w-a subsequenly~ investigated b% Michels9 who was also observed. Thie autodetachment spectrum for
found thle IeI2 - ('1 F It) ( ( IS( .a 1

2 srg2 /r,, state to this beam was identical to that reported for Ile- 0(1)
be hound relative to the lowvest triplet state previouslyt and was used to estimate the electron ener-
I le,( a 3. 1 ) by 0,233 eV These calculations further gy resolution of the spectrometer. Electrons ejectedI in
shfow that thie 1e2 - V_9,H(21 S(T11r~2s(T 25(r,,) nega- the forward and backward directions from the motion
live-ion state is unbound relative to (theic,'( of the ion beami were energy analyzed by a1 1600
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Photoelectron Angular Distributionfordi NeAr-Tiireshold-,Two-PZ01fotoll

Adila Dodhy
l'/wsics~eparinen, Auiburn Vii'ersiw, Auburn, Alabama 36849, andiOak-R1dge Nalionaltarawr.o k:ig

Tennessee 37831

and

R. N. Compton and J. A. q.~tockd 'le
Chemidcal Physics Secion, !halI, and Saqfciy Research Division,:Qak Rdge NatiotaI Lilboraqir, 69ak Ridge, Te iiii esl seeJ 78 3

(Rceived I October, 1984)
Phtoclectron angular distributions have been nieisured~ for ,nonrcsonant two-photon~ionizatibn

of cesium and rubidium, atoms just above the ionization ' dhlreshbld. Thc ~phot6eledtron energics
ranged rromn 25 to 100 mcV. The results are comparcd.1 with thdorctical estiniatcs hascd on nonr~iii-
tivistic atomnic wave functions. Initial, rcsults are also presented ftor ahdve-thrdshbld;1o nlzanlin
cesium.

I'ACS numbers: 32.80.1-1, 32,80.Rni

Multiphoton ionization (MPI) of atoms promises (yttrium-aluminium garnet) pu mpeld'dye-laser (Quanta
ncw insights into various problems of atomic structure Ray, DC 1dI.1 PDL-l) wa's -crosse'd'orth6gonally by a-
and dynamics."3 Perhaps the m~ost powerful approach thermal alkali-metal beam. The dye-laser-pulse dura-
is thie measurement of differenltial cross _SeCtionS, 4-t 0 tion was 5 ns andt he b~ndw idt 'yis 0.02' nm. The
where the angular dlistributions of thie photoejected laser was focused to a power density of 10' W/cmi2 by
electrons provide data tiot only on thc magnitudes of a 35-mm letns. The power density Was an order- of
the transition amplitudes but also on their relative magnitude greater when elections from aove.
phases. In addition to providing information about the threshold ionization wcre sud , ed, The.plane of polari-
scattering phase, thus complementing single-photon zation of the laser was rotatedba(lbe-rsl
studlies,tt such measurements also tost our theoretical rhomb. Photoelectrons emierging' perpendicular to the
undlerstanldinlg of high-order bound-frce transitions in- lr6dpagatiofl vector of thc laser bearnard Within ±,2*
volving sums over virtual intermediate states.t 2  were energy analyzed by a 160* spherical-sector elec-

Studies of photoelectron angular distributions for trostatic energy analyzer. They Were then detected'by
alkali-metal atoms have been limited to cases of
resonantly enhanced MP1'-' 0 or higher-order non-
resonant processes.- t 1  In this paper, we report pho-
toelectron angular distributions for nonresonant two-
photon ionization of cf-o'um and rubidium atoms b
where thie photoejected e& -ctron has an energy in the N CS+
range -25- 100) meV. Figure 1 shows the ionization 30*
schemne for both alkali metals. The first, photon lies 2between the 6p and 7p states for crium and between -6p 

2

the 5p and 6p states for rubidium. IE7p 2P

Our measurements are novel-in two respects. First, en0 0

we have studied photoelectron angular distributions in0
a region very close to the ionization threshold. This is
difficult experim-entally because of the very low energy 6p 2 P5p 2

of the photoelectrons under consideration. Second, to
we report photoelectron angular distributions for
above-threshold ionization of cesium and compare
them with theoretical predictions. Such processes 25sS
have been observed by others in xenon14 -18 and cesi- 0- 6s S 5

1.11113 but only in higher order (order 5 in cesium and t b
S6 in xenon).
Details of the experimental apparatus have been FIG. 1. Energy-level diagram showing the excitation

described recently10 in conjunction with resonantly scheme leading to ionization for nonresonant two-photon
enhanced MPI. Briefly, the output from a Nd:YAI(3 ionization of (a) cesium atoms and (b rubidium atoms.

422 ©1985 The American Physical Society
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D. Y. -Peggb Wand I. S. Thomrpson
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(Received I I'March 1985)
Wc report the First experimental nicasurcmienls for thc energy level of a nietastable state orf 11e.

Thc ions were produced in sequential charge-dxchangc coll , siohs-between 50- to ,60.kcVhe+,ions
an(I lithium vapor. The ccntcr-or--mass energy of autdctaching electrons was-found, to be
2.53 ± 0.09 eV. This resultisk in goodl agreement with -previously calculated values for thc
Bec (1Is22s/ 2)4 '-statc energy.

PACS numbers: 32.80.1, 35, 10.1 in

In this paper, wye rcport thie observation of a peak in cur at either 26j'8 on (Ref. 9), 267A1 ninl11ef. 12),;
thce Be- autodetachment e lectron -energy spectrum or 265.4 nm (Ref. 10). Radiation from this transition
whlich is a signature or the decay of a metastable beryl- was searched for by Andersen17 without 'succes's. A
Hiunm negative-ion state, Trhcse itasurements third metastable state, Be (1s2s2 3)S@, has also
reprcsent thc first time that the energy level or a been predicted.9't 2 This state, however, Ilie -s energeti, '
long-lived metastable statc has been experimentally cally outside the present experimental- range 1-> 100o
determined for negative ions oF the group 114 eV from Be(1s2sSIM. Other N7~ ion states have
(alkalinc-carth) elements. in Fact, limited experimen- also been theoretically studied. For instanc6, the
tatl information is available onl the structure or any Be- (ls 22s22p) 2 P configuration is- predicted" -to be. a
mictastably bound atomic negative ion. Notable excep- shape resonance;, however, the lifetime of' this-slate is
lions to this include lie -, which is a classic example of' tooshort to be stttdicd with. the present apparatuis.

~spin-aligned metastable negative ion (,see, e.g., Al- ThoeI cluainoFtesrtrefnegative
ton, Compton, and Pegg'); resonance studies from ions are particularly difficult since the electron aflini-
electron-atomn scattering experiments (see, e.g., Bur- ties are typically or'thc same magnitude as the differ-
row, Michecjda, and Coiner 2); anti Li-, in which pho;. ence in correlation energies between the atom afid :Ion.
ton emission was observed betwccn high-lying meta- Even so, most oF the present' informaution concerning
stable states of the negative ion (see. e.g., Brooks metastable negative ions, other than lkhas been
et' (A-1). The fundamental nature of Be- makes it of provided by theoretical studies of open-shell' excited;.
considerable experimental and theoretical interest. As state negative-ion configurations. The fi 'rst theoretical
early as 1966, the ion was reported4' to be present in investigations of thie structure and binding energies
mass spectra of ions emitted from dirct-extraction (electron affliiies) for the group IA elements Li-,
negative-ion sources. Since the first observation of Na-, and KV and the group IIA elements Be" and
Be-, exp~erimental values for production efficiencies6  Mg- were made by- Weiss3 who employed variational-
aind autodetachinent lifetimes7 have been reported. In superposition techniques. The Be- ion was predicted
recent measurements on the autodetaching decay of to be bound relative to the neutral atomic
Be-, line and Peterson 7 have shown that the ion has at (1s22s2p)3pO state by 240 meV with the most likely
least two distinct lifetime cqomponents of _ 10-4 and configuration postulated to be Be-I s2s2p )4 P. This

10-5 S.configuration is metastable against autodetachinent
Most theoretical studies indicate that Be- is meta- by spin-forbidden transitions-analogous to the

stable, 8- 3 although early theoretical calculations 14 -16  (ls2s2p)4P* state of H1e-.
* suggest that Be-U (s 2s3s)'Sis bound with respect to Configuration-interaction calculaiions have been
* the ground state, (Is22S2)tS, of beryllium. Recent employed by Bunge et al. 9 in a search for possible

theoretical calculations do not predict the existence of bound excited negative-ion state configurations for the
a stable Be- state but predlci the existence of two elements hydrogen through calcium. The results of
states, both metastable against autodetachient, which these investigations indicate the existence of two me-
lie belowv the first ionization threshold of neutral tastable states of 1e--the Be-( s2s2P2)4P which is
berylliuni-Be- ( Is 22s2p 2)41' which is bound with bound relative to Be(s s22s2p)3P by 285 meV, and
respect to IBe(ls22s2p *, and Be11Is2p3)4S Be- (s 2p3)S which is bound relative to the
wvhich is bound with respect to Be( I s22pPP. The ra- 0 S22p2)3P atomic state by 262 meY..
diatively allowed 4S6 - 4p~ transition is predicted to oc- The fine and hyperfine energy separations, as well as

'18'4 1985 Thle American Physical Society



-High-order multiphoton ionization photoelectron ,spectroscoppy
of nitric oxide")

1-. S. Carman, Jr. and R. N. Compton
(Thenical PhysVics Section. Ilcalthsand Safety Research Division,: Oak Ridge Nafional Labo ratory, -Oak
Ridge, Tcnnssfce 37631.6125 aid Deparltment of Chemistry. The Univeitiy of Tennessee, Knoxville,

*nncessee 37996

(Rccived 3 October 1988; iccepited 26 October 1988)

Rcsonance-cnhanccd 011(1'nonrcsonanit fivc- and six-photon ioniizatioji of NO. was studicd using -
anglc resolved plioloctc'ct roi spCCI r05(Zpy. Tlc( 3 +~ 3) resona ncc-enia needn 'muItI ipho oil
ioniization photloclcctroivspcctrunt (REMPI-11ES) of NO via tlie- 2 '"( =.0)-Ic~'cl yielded-a. -
(listribution of ckctroii energies corrcsponding to all accessible vibrationial levels (0 = 0-6)
or (tic nlascent ion. TIhe ob.served energy (list ributions suggest near resonant enhancement due
to vibrational levels of tic D '1 " and C 'I I states at (lie fourth photlon level. Angular
dlistributions of photoeletrons corresponding to v 0 ( and v' 3 (1 otatioinally unresolved).
wvere significantly diffierentl, perhaps reflecting these (lillbrent patliWhys. I'le (3 + 2)'R'E3MPL
via the A 11 1 (1) I ) tevel produced only one low-Oiergy clectr~ii-pcak corresponding to
V = 1. Nonrcsonant-MPI at 532 nin yieldcd a dlist ribu tion of photocectron energies
corrcspondinig to both fouri- and live-photon ioniz.ation. P~romincnt~peaks in Ithe five-protoii'
ioization photoctcctron spctruni show that near resonant enhancement occurs via the A 'Y,
(I) 5), thc C211I (v = 2) and the D) 21 ' (v = 1) states at the three-photon levcl. Ti study,
am11ply (lCnioistrates thie utility of angle ircsolved M1ll-l"ES in understanding high-order
inultipliotoii ionizationi processes. Finially, mneasureimnts of thie ratio of.NO "ion signal for
circular and linear polarized light wliv t-uning near the A 2I.(v 0) and A '7. 1 (V -1)
levels arc rep~orted and comiparedl with theory.

INTRODUCTION of. photons. 'te pioneering studies of johnson and co-

Resonanice-enhaniced mnultiphoton ionization phot- woikers" have amply illustrated-this propcrty'of NO. 'The
eletron spectroscopy (REMI-PIES) has become an estab- A 'I state is the lowvest incember of the Rydberg series coi-
tishect tool for prob~ing thie photoioinization dynamnics; of verging to the grouii nic state, and numnerous REMPI-
atloms and molecules.'' In principle, ncasuremients of pho- lIESstudies have been performed for the case of ( I + I ) andl
toclectronangular distributions (PIEA Ds) ina REMPi pro- (2 + 2) REMPI-PES. In this paper-we report the first study
ccss can provide information about both thc dynamics ofthe of (3 -1-3) an(] (3 + 2) REMPI via theA '7,' state.
bound-continuum transition and the alignmemt of an opti- EPRMNA
cally pt epared intermediate state.- Tro date, M PI-PES2 studl- EPRMN
ics of diatomic molecules have included only a half-dozen or The apparatus and experimental techniques, have been
so molecules (112, N2, 02, CH-, CO, NO, 12, Br2, and C12 ). dlescribed previously' aiid will only be briefly mentioned
Of these, NO has received (lie major attention due to its lowv here for comnpletencs. 'te laser beanis used in these studies
ionization potential and rich electroniic structure. MPI-PES consisted of: ( 1) tlie frequeuicy-doublcd output (532 inn) of
studies have been reported for approximately sixteen elec- the fundamrental (1.06 It) of a Quanta Ray DCR It
trouiically excited states of NO (see Ref. 2). Nd:YAG oscillator amplifier and (2) (lie tunable o,.tpt

'te omic-ptiotoi absorption~ spectrum of NO is very fromi a Quanta-Ray PIDL-2 dye laser operating with WDS
coiiplex and comisists of intense tydlbcrg series and tong9 vi- 698 dye for A '2 1 (v = 0) studies and DCM for A 27",
brational progressions of valence states. Jumigen' has used (V 1) studies. In both cases tlie laser beamn was focused by
such spectra to show that thme single gromid state valence a 50 mmi focal lceigthi lens to a peak power density of - 10'
electron caii be closely represeintcd as n uinited atomn 3di- Wecm'. The beani was focused into a pulsed, supersonic jet
elecon with a snialt 2/),T admixture. Consequenity, (lie in- of neat NO gas directly iii front of (lie entrance aperture of a
tensitics of omie-pliotom np and ,nf Rydbcrg series are nmuchi 7 cm radius spherical sector electrostatic energy analyzer
larger thami the ns and] id series. As a result of (lie mnixed operating with a theoretical resolution of -0.02 eV. Ilow-
character of thie ground state, iiiul1tiplom tramisitions to up-) ever, due to space charge effects amid possible laser power
per Rydberg stiates am eallowed for all eveni or odd numbers broadening, (lie resolution is -0. 15ecV. Although the actual

electromn signal was low in thecse studies compared with simni-

itewchi spanomom by (lie Onike (if 11C.,1 aild i:ian~naiRe. tar data for ( I I I ) or (2 1 2), REMPI via the AI 22 state,
wni~cli, LIS DC111111 Ofpa i 17cai 10neg) 111,r C011ir,,i No iw-AC0o thle relatively poor elect ron einergy resolution is probably re-
81.iR214M(X with Nmaa in himi[ Eiicigv Syslciias. tu. flective of the fact that most of the signal originates durimng
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dihc high intensity "spikes"known 'to odCU (lt ritng, the, laser '~~

pulsechna o.Tiata ina i icac vr t
ljaser flashes. In o4der' troscvfndtcodse~ t i t) j
imtnlerat.ive to operate tichascr at-its maximulm inten1stty. It

,was also nicccssary to-maiintaini frcsli dye-soltfon an the dyc
laser in oer,(to optimize tile output.

NO Iions could also be observedusing a - 20 6mtimic-
of-flight miss spcctromecter. A Tektronix digital osello-
scopeC was usedl to record thc Trov spcctri. Uundcr thle condi-
tions of our nozzle expansion, moderate cooling, was
occuirring. This proved relatively unimportant( due to flhc
ext cic line broadening observcd in thle wavcicngth-re-
Solvced spcctra at tilec power densities employed. (b)4.2

Studics of REMPII of NO comparing circularly polar- w
izcd light with linicarly polarized light wvcre carried out using Z
a Solcii-labinetl compensator to obt1inl thie desirced polarizzi- z

timn. For thle angular distribution measiarcmcnts, a doublc
Frcsncl rhomb polarization rotator was used.

RESULTS AND DISCUSSION
Multiphoton Ionization photoelectron spectroscopy Ma 4.2 mJ
using linearly polarized light

F-igure I dlcpictS thle Various four-, ive-; and six-photonl
ionizathal proccsscs stuidicd in this work along with, some or
the states involved. The dlependecnce of the NOC) signal as a 674 676 678 680 68 ,2
fut.eciion or wvavelcngoh for. six ph~oton ionization of NO il WAVELENGTH (nm)
hie region where thiree phiotons arc in near resonance wvith

I le A -'-V (1) = 0) state is shown at various laser powvers in) t-0. 2,.mcnr power dtii,niece or 11w No I hm sigimli obsecrved wh'i~
Fig. 2. Even at thle lowest powvei thle spect ia show no rota- timing ilic In-m wayvckngi Ii iwar ilic Iircc-pblni aiitweu d IX (is (1)
ionally resolved staics but ratller a broad continuum which "ie Simitir spect ra ri c mottled Miwn liming niir the tlirmcphlon ial.

Io)wcdl I -'1 I (v = I ) stnac iicair 6,45 im (liscr waiveloiili).

12 Ishifts to shorter wavelenigth as (lie laser power increases.
NO+ Very similar, broad spectra, were recorded at thle A '

S11+ (v = 1) state.
For purposes of discussion, the generalized N-photon

j, ionization rate canl be written.using the lowecst order time-
dependent pcrturbatimi theory as:

c 2t - -- where oN is the generalized N-photon ionization cross see-

vo V4tion with utaits of ctnIseeN and Fis thle photon flux in units
W A Zof photons cm sI s is obtained by first calculating a

..--- summation of all the matrix elements coupling the ground
l' NO - state to the cotinuum overall of the possible resonant inter-

W ncdiate states divided by the dctuning of the N photons with
0L each energy level. This complicated sum is then squared to

-- -- obtain &N. In addition, the ground and excited state energy
levels of a molecule will shift in the presence of cetromag-

x211 netic radiation as a result of the ac Stark effect. In general,
I -L-J the shift of a particular level k depends upen the energy of all

3+3 3+2 532 rim other levels and catn be approximated by first-order pertur-
bation theory as

I f P/

R (4) 1A " A1 - WI1 +I(0 1 / k r - 0 
N,-(

tao;. a. it losUt I .1 i$.I orim it~c- anid %i-honI IuII I iii 1wopIiiri imli7ationI puis. where V,., is tilie comnponen t of thle I lam ii tonian coupling
cc%%" mittlicd in INik 1p:ipcr state I id~ k.' The ac Stai k cfect coupled[ Mitll possible situ-
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ration el'ct~s at1 til hclrcc-plioloii level are :IssumCie to ac- wavelengths witinlie h rcsonan 'cc, althloughi tile pealk
count for file broadenig and shifting ofth liRMI'! spectra heights variced and( at sonic wavelengths it I 2and,4 api
shownvi in mig. 2. 'fie miany photons involvCed in (lie prcscntl peired. Due lie RydbcrgcharactcrortheA '7- -state, tile
study coupled with Ii e resonance involved at tlie three-pho- Fratick-Condon principle iprcdicts t hat direct ionizaidon of
ton level, the near resonances at the four- alnd five-photon thle v, = 0 lcvcl-wotild produce only thc It= 0 level of-the
Icvcls, and t hc known autojonizatiozi structure at thecoitifi- ion with observablc intensity. Although v =0 is the sIrofi-
uni six-photon level miakes a thcoretical analysis of this gcst niembcrof (le series, Itle appearance of higher I;I' levels
probleni Isoltitioti of Eq. ( I ), subject to Eq. (2) a1 formlida- ofNO "thuns suggests the contribution ofidditicinal idniza-
bWc task. 'Zakhicim anid Johnison'~ used! Eq. ( I) to (discuss tlie lion mcclianisms, as discussed previously for (2 + 2) aid
pioblem of (2 +I 2) and (3 -1 1I) REMI of NO where one +( I ) processes 7 THe occurrenice of -0 cV electrons his
resoliatice aii11d ot her necar reCSonlances were inv~olved. They been discussed by many athois (see Ref. 2) for ( 1 + 1 ) and
arguied that this treatient predicts t hat a~for- both proces (2 +I 2) REM11 mi ad has been ascribed to autioiuation
wotild be ol'onparab:le magiiitutdes whereas I leexperimlenl- and/or Rydberg-vahcnce mixing. Such slow electrons have
tally observed M l'l signal For t lie,! V ' . 3.mastate is at least beeti observed in one-photonl ionization as well.' III thle pre.
two olrders ofniiagnit tde larger than any I lirce-photonl reso- vious sI uhiesof ( I +I I ) or (2 +h 2) REN4II it wfls not possi-
liance. T hey coiiclutded Itiat "a kinetic ia eItcqtitionl descrip- Wle to solely iimiplicate slut cs at thle tliree-plikoot leycl. 'n t(lie
lio provides a basic framnework Ir tilie iiiteipldioii oh1 lresent case, theltour-photont level is near tlid low vibrational

an ti0lt i lo ion izat ion spectrai in it iatedl by a1 puilsedl, iiitili lt mmbrs of I le C 'lI anad DJ 'I states, and( 'w'ecati direty
iliode d(le i." observe theiriiinceo t (lie I'ES. Close inspection of' Fig. I

The filet t it) thle observed wavelentih I speotniare broad showvs that thie fotirth photon for the (3 + 3) process viiifthe
andil rotationially tii resolved hotIi si i 1)1 ies aiid coiiplicates A 21 (t, ) ) state is in niear resotnaiice wvith the I) = 3
lie analysis oft lie data I msiited. Sitice I here is nio rotat ional level or thle c state. The fourth photon is also ini iiear reso-

st rtiii eangtilar (list ribtit inns were onlly i ecorded o)'er thie ince with theeni = 7 level of the4 'Y stateand I) = 3 of))'
widlthI of t(lie broad strtictture, not For difl'ercait rotationial I I state. Suieh resotiances are expected to play somic role iin
states. It is imnport ant to niote here that tile phloolcctrl ioiicrec o ;I=6ad5.Psil ihi t(i it
*uigtihar (list ribtitiosiisad the meastirenients of hIliar to ci- thetoccurene mihof mpl6ad 5.tsbe dnmixin atrthe Thufts
cutan polai ized light rat ins were, latuvely iuiselnsutave to ttiii- pheoonleelmigh piae the= n v1 dyamcascfrter. to sa
iig withinaiftle Stark shifted lplOaie. th ccurrenllc of thr an()'d r t - o ir h ascie to 'ear

tFigutie.3 showsa It epi eseiitative ltolci isptrm rsntcsotlit rdadIrtihtowthteA'
(l'S) obtaied for- (3 +I 3) REIMi'l vial the IP l)evel of (v = 0) and C ?11(v = 3) levels, respectively.
thie A ' ' state at 676.2 iii (laser power -14 umi). The Photoelectron angtilar (list ribtionis, PEADs, were dIe-
basic iovel all sliectriuii(illdi not Chinige whenl Iti ning to otheic tenniiicd For electronis correspondiing to It I = ()and 3 and

are showni ini Fig. 4. Figture 5 shovs a typical angtilar distri-
btion mieasturement (for it 0) illustrating the quiality of
hie data represeniting nieasureiments as a ftniction of angle

for 0 = 0 to 2 ir. Fach anigtilar (distribti on meastireiiicnt
V=6 41 2 0

0o 0
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p(i)nI +12( P (6) Unlkethe(2)P4( + 3)23P 4 em orsntti vutaia beas (lie PEA encs
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I I ties and/or large detunings from resonitnce. There Prd-A
No X 2 l+ nhi'- NO+ X X number of cases where a, /o,, have beenai masurcdfor-I ow

(n=4.5) order (N <3) MPI for atoms. The difficultib§ in-treating !he

532 nrncase of two-photon ionizat ion of cesium atomns via it quadru-
532 nm pole transition at various laser powvers has been treated re-;

cently both theoretically and experimecntally'3 and illus-
trates the complexities ivolVcd. Further examples are also
provided in Ref. 13.

We note Ithat for lowv valucs of N, a,~ is greater thant a,.
This represents (lic fact that for low order thc transition into

-tlac continuum for linearly polarizecd light call have two pos-
sible contribut ions A/ = +I I which under proper conditions

in may interfere with one another, makingaq,. (wvhere Alcan be
Idonly +- I or -I) larger thanll, This presupposes that the
Z A pathway via (lhe N - I levels are equivalent. For higher or-,

der (larger N) this will no longer be the case.
a 6 4 2 0 V Reiss"4 has shown that previous"2 calculations Tfor
I- IT-r-I-I- -ar, for low order are misleading. Specifically, for Mill

begininrg w~ith an S state (e.g., alkali) the niumber of final
states possible for ci rculanrly .polarized light is equal to 1,
while for linearly polarized light there are IN + I final states
if N is evain and I (N d. I ) if N is odd. I n sonic cases N~ =
may be the least important of the many allowed states in the
linearly polarization case. Thus, a,, will more likely be larger

_____________________(hanl a, for large AN. Ini addition, even for low N, Dixit'5 has
0 1 2 shown, that because of the ac Stark effect at stronig driving

PHOTOELECTRON ENERGY Wc) fields the maiximium value ofra,,j canl be much larger than%

FIG. 7. Vo.mlfv-h-i ~iaioipooelosel rN (2N -- I)II/N I anear allowed resonances, As anl exaniple, for
ing ali-cemi hamivc .532O iNi/;I1( p~ofthe N&Y ljwca f (2- 1~ ) REM P[ via thle 91)statle in cesium, IDixit found that

(r/, o, approaches 50) niear resonance.'5

Ani actual calcuilationi of the ratiociof ara, to fit a given

era or bars significantly great that such uncertainties In po- experiment is a complicated and diffcult task requiring
larazation are of no consequenice in thie measurements. knowledge of the laser intensity, pulse duration, etc. Even

For the case of (3 +I 3) REMPI via the A 21 (v -0) for low order the difficulties ire formidable (see Ref. 13)

state, the ratio of NO ' ion signal for circular light to linear and outside the scope of this piaper. It is instructive, however,

light (uir/a, ) was dectermined to be 0.34 ±j 0. 1. 'This mna- to comiirer oura results with the prediction of Reiss" o (ite

sin einent was dletermlinedI at A =-676.16 naniat a powver of 14 uipper bound for ai, /Y,. For large order, A'. lie showed" that

i/pulse (see Fig. 2). Howvecr, no detectable difference an uipper bound on ,/l canl beapproximated as
was obtained at other powver levels or wavelengths within the aT,. II?12 A1
ac Stark shifted levels. a, 8)

e Iertoo inlfrcruarly polarized light fr(+2)RM va to Ali7i where the A 's represent integrals over the angular function

earl =po)lsaiewseried ligo for (3 11 2) 0.M5. via s the 2 involving Clebsch-(ordon coefficients and the R 's repre-

rati (r /, )q state (3 + 3)eRnlinevil to e v.1 = 05 Thus, othe sent integrals over t'be initial- and final-state radial wvave

Arsati r,/ f el thr t ie 3) argervi thn tha freeof the functions. A simplifying reduction of these integrals for

(3 +1.2) pi)cess via (lie v = I level. More anteacstangly, al/ large Ncanl he wvrit tell

a,, for both eases is coaisidle ably less thanl one. a,. =(A'-1- 1) (N-V 1)! 16 (21V ,,
Lowest-orclcr p~erturbaition theory has been employed to a, (N-- ! 2 2N L)~ NJ

examaine the quaestioni of thle ratio (./,) for low order N FoN==6Eq(9gieo,/.=008;frN=5 ,a,
and low power laser M ITl (See, e.g., Ref. 11.) Ini these stud- or. N3 , Eq.oug (9) giesullr, 08 for N = 5 ,geswt our/na-
ies the maximium valuecs obtined for A' 3 was 5/2 antI for surer131, AlthoughVt2e resultIfoiN 5 agrees =vit) oure,-
N =-2 was 3/2. Klarsfeld and( Maquet'" obtainecd a general sue nsfo(312)RM1viteA 'v-I)ta,

prediction for AN.phloo ionization at low ortle; thle experimiental result fo(r (3 +1 3) REMPI via thle A1 'I

(2A1 - I)!! (v =i ) state 'is a facto; of 40 larger than (lie upper limit
Ui /a, <~ (7) providled by E q. (5). Thaus, it is clear that amore high-order

N NI Mil studies, hot h experimnatal aand thcoi-ctical, fort his and
F~iaatioai (7) reduces to 3/2 for N - 2 and 5/2 foa N =3. other (perhaps sianplea ) systems irc neededt. Our stuhies do0,

Th'lese iesulls have bce; obtained [roan lo% est order pertur- however, suppoa t tlie anotion that a7, will be smaller t haai a,.
ba Iimn II icory an ai a na l v :appropt ia te foa loN% iwwsr int casi - foa i high oaidva N1l I piao-c-ssesas a resuIdt oft le hiighier- (tea it y
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LETTER 1"O THE EDITOR

Angular distributions of electrons from the photodetachnientof
inetastable He-

J S Thompsont, D J Peggt§, R N Comptonfl and G D Altont
I Department of Physics, University of Tennessee Knoxville, TN 37996, USA
t Oak Ridge National Lnboratory, Oak Ridge. TN 37831, USA

Received 22 Seplcnbcr 1989

Ahisirnc. Energy. and angle.rcsolved pliotoclectron spectroseopy has been used to Investi.
gale tlhc spectral dependcnces of the angular distribtions of electrons photodetlched from
a beatmn of mctiable 1e" ions.

We report on the first mcasurements of the angular distributions of.clectrons ejected
in the photodetachnent of i ic'" ions formed in the metastable ( is2s2p) 4p state. In-ihe
spectral range of the present cxperimenl, 1.775 t i, -, 2,456 eV, photodctachment into
either the l e(Is2s 'S) +c or the lie( Is2p -P) +e- continuai is allowed, Thresholds ror
these processes lie at 0.0755 eV and 1.222 eV, respectively. These competing exit
channels are resolved in the present electron spectroscopic measurements. Spin.
dcpendent interactions for a light ion such as lie- are expected to have a negligible
effect on the shape of the emission patterns. However, with the exception of H-, the
Ile ion represents the simplest system forprobing the elfects of correlation on electron
emission following photodetaehmenlt.

The apparatus used in the present photoelectron spectroscopic measurements has
been described in detail by Plegg el al (1987). It consists of a f ast beam of lle- ions
that is crossed perpendicularly by a beam of linearly polarised light from a pulsed dye
laser. The tenuous He" ion beam is produced by sequential double charge transfer
when a momentum-analysed beam of lie" ions is passed through a Li vapour cell.
Alignment of the He-(P) state in its production by sequential double chrge transfer
is expected to be small at the ion beam r ne y equentia doubl t experiment.rase
In addition, the coupling, via the spin-.orbit interaction, of any aligned orbital angular
momentum vector to a randomly oriented spin vector over many precessional cycles
should reduce an initial alignment to a negligible amount at the photon-negative.ion
interaction region. Due to the unstable nature of the metastable lie- ion, there will
be some depletion of the initial population of the ions of the beam via autodetaehment.
A differential depletion effect on the different fine-structure levels will result from their
differential metastability. The population of the ions entering the photodetachment
region will be dominated by the most weakly autodetaching J =I component. The
fine structure is far too small to be resolved in the measurements. The asymmetry
parameters for all of the unresolved fine-structure lines are expected to be the same

§ Also with: Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831.6366, USA.
II Also with: Departrnct of Chemistry, University of Tennessee, Knoxville, TN 37996, USA.
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in-the L$ coupling approximation (Cooper'and'Zare 1969),.and so.the-non statistical
population of th6 levels arising 'from autodetachment, should:have noeffect .on,'the
photoelectron angular distributions.

Photoelectrons, ejected, from the interaction region in the direction or motion of
the ion beam, are energy analysed by means-of a spherical sector electron'spectrometer.
The angular distributions or the photoelectrons were measured by determining tile
yield of clcctrons as a function of the angle 0 between the fixed collection direction
and the variable direction defined by the plane or polarisation or the laser beam. For
linearly polarised radiation and a randomly polarised target, the angular correlati6n
between the incoming photon and the outgoing electron should take the form, f(O) =
I A- 3P2(cos 0) in the electric dipole approximation. The quantity P is tile asymmetry
parameter wlich characteriscs the shape of the emission pattern and P2(cos 0) is the
second-order Legendre polynomial. The apparatus was tested by measuring the spectral
dependence orthc angular distribution of electrons produced by photodetaching beams
of I)- and u ions. Since all the photon energies used were below the-threshold for
leaving the residual 1) and l,i atoms in an excited state, the emission process should
be well described by an independent electron model which neglects 'correlation. The
observed cos' 0 (J =2) distribution at all photon energies is in agreement with tile
predictions ofCooper and Zare (1969). A kinematic correction to tile angular distribu-
tions is made in all cases to account for the fact that the electrons are detached from
fast-moving ions. In general, this transformation from the laboratory frame to the ion
frame involves amplitude and phase factors that depend ol tile velocity of the ion
beam. In forward-directed electron spectroscopy, however, the phase factor becomes
zero.

Figure I shows tie measured spectral dependence of P for the photodetachment
channel Il& ('11) -+-I,' He('S).t e'. In an independent electron description of tie
process, the p.orbital election that is ejected is represented by continuum s and (I
waves. As a result of interferences between these partial waves, the value or will,
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Figure I. Spectrat dependence or p for tie photodetachment process h,+llct'P)-.
Ile(-S) e-.
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iii general, change With photon energy. It figiht be expected, however, tliCith-tdT
waves would dominate the process so far above threshold. Jt ispossibld, that the
ohscrvcd structure in 1 around-2.2 ec cold be the result of the formtion~r ofa resonance
by phot6excitation of azn even parity state or, the He' o6A., There are, hloWevcr;,,hq,
known rdsoninces in this energy rcgioh. T[le mostlikely.canhdidate-would presumably.
be a quartet state associated With configu rations, such as 4s2s3s or ls42s3d. Quirtct,
resonances associated with thie n, 3 states of thie He atom h-ve bcen studliedh byOri
and'Nesbet (1973) but thecse calculations ijidicate-that thieyalI'ic.,somnewlin thigherin
energy than the region studied-r -n the present- work. It is also conceivable, though
perhaps unlikely, that the observed structure in (3 shown in figure 1 ii due to thle
presence of interchiannel coupling-via tile fitial-state interaction, f.e. couipling between
the'commion continuutm final states assoited-witlhc eS and H-e(, P), chiannels.

The observed spectral dcpcndcnceof (P for thie chanel 14C(4P) + hi' e~C).
is; shownin figtirc 2. Hlerc an s-orbital electron is ejecced leading to a pure outgoing
p-wave electron in tlie indepiendent-electron iipproximation. Neglecting correlationi in
file initial and final states, tlie angular distribution Should take thle form cos' 0 (0 2)
fot' all photon energies. At tlie highest photon eunergy used in, tl.c- experiment, tile
measured value of P = 2 is inl agrezinent with the predictions of this model. As thle,
photon energies tire reduced toward threshold, however, the value of P3 is seen to
decrease rather sharply over a small range of photon, energies and thico essentially
level oil at P - 1.6. Correlation ellects in) the initial state arecexpected to be small.
Configuirationi-initeraictioni calculations show that the lowest fle- state, ( ls2s2p)V'is
96% pure (Bunge and Bmige 1979). In thie case of phiotoionisation,-it has been) shown
by Dill (1973) that amisotropic final-state interactions, which arc neglected, in the
independent electron model, canl have considerable effects on the photoelectron angular
(list ributions. Thle outgoing electron canl be reoriented, for example, by an exchange
of angular miomentumm via electrostatic niultipole forces. In thie present case, the

200. 0
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Figure 2. Spectral dependence or Pfi or the photodcmachment proccsm Iav+lIci 4p)-.
IlcOP)+e-. Thlc mecasurement tchnique was tested byphlidctaching D- (triangles) and
Li- (diamond).
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residual H-eatorn is left inthc non-spherical, 2P-excited state. The domiianteiectr6n,
atom interaction will be thequadrupole force, which,-in'prificiplei canexerta torque " •
on the outgoing electron. The permanent and~induced dipole moments-are expected
tobe small for this non-hydrogenic system.-

The coupling of the continbum' p-wave electron to the residual 'e('P) atom gives
rise to (ls2pkp) 4S, 4p and 41) final states. In terms of tile formalism of the angular
momentum transfer theory of Fano and Dill (1972), this breakdown of the independent
electron model results in angular momcntum transfers of, = I and 2 in addition to
J, = 0. Each transfer is associated with a detachment scattering amplitude, S1(j,). fHere
I refers to the orbital angular momentum of the outgoing electron. Manson and Starace
(1982) show that the effective value of p under such conditions can be written as a
weighted average of the form

=ll- S(11+ .ls,(2)l'
IJ =is,(~l. is,(~l +(I)

Therelative mioduli and plises of the scattering amplitudes will, in general, chanie
as a function of the energy above threshold and this, in principle, could'account for
the declease in p that is observed. In the case of photodetachment, however, the
finai-state interaction is expected to be short ranged and weak in comparison to tie
analogous situation in photoionisation. One might expect, therefore, that it would
have a negligible effect oil the photoelectron angular distributions.

An alternative explanation orthe observed spectral dependence ofP for the I-le(2'1P)
exit channel involves a consideration of the influence of the (Is2p 2)'P shape resonance
on the emission process. This resonance has been experimentally studied by Peterson
et al (1985) and theoretically investigated by lazi and Reed (1981) and Watanabe
(1982). If lies -II meV above the 2'P tl reshold. The photon energies used In the
piesenl work coriespond to a range of energies that lie --0.5- 1.0 eV, or approximately
one hundied resonance widlths: dbove the resonance. This very strong resonance has
a calculated peak cross section of -8 x 10 ", cm2. The calculation of Watanabe (lO2)
indicates that even in the wings of this large resonance, -0.8 eV above tie peak, tie
resonance can make a non-negligible contribution to the photodetachnent process. It
seems plausible that the shape resonance could enhance tile strength of the final-state
interaction leading to the (2s2skp)4 P state as a result of the protracted time that tile
outgoing electron spends in the vicinity of the parent lie atom. Recent theoretical
results of Sala and Compton (1989) seems to confirm this resonant enhancement of
the p hotodetachnent process via the Ile( 'P) channel.

The presence of the shape resonance could have an effect on the ningular distribution
of photoelectrons. In the present experiment, the (ls2p 2 )4P resonant state of I le will
be aiisotropically excited. The photoexcitation process is necessarily state selective
as a result of the use of linearly polarised incident radiation and he restriction imposed
on the possible final states by the Pauli exclusion principle. The electrons subsequently
ejected in the autodetachment of the resonance will carry away the anisotropy. It is
estimated, in tile independent electron approximation, that tile emission pattern result-

* I ing from the autodetaching decay of this resonance is characterised by a value of
P = 0.5, which is considerably smaller than the value of . = 2 expected from the
non-resonant photodetachment process. The effect of'the resonance on the emission
process can be viewed in terms of an interference effect. The shape of the observed
spectral dependence of 6 arises from an interference between non-resonant and
resonant photodetachment pathways to the common (ls2pkp) 4 P final state. Tile
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measured value or p at a particular photon cergy would, then- be the, result: or~iir
appropriate weigiiting or the- di 11erent . frointhe-two pathiyays. It, is expectcd~that
thc wcightinghfators will be determinied,a as-functioni oflthe-photoi-efiergy, by- tlie-
rc atic cdoss sections for tictwo intcrferingporocesscs. in-the, enry hne9 h
prescnt measurenients, the nonrresonant pliotodetachinent..process -should'dominafe-
but tile n1on-negligible contribution -from the~rcsoliaicc -process could he' sufficient
pcrtutbli ite ngular distributions of the-ejcjctedpliotdelectrons.

In conclusion, ati investigation has been -made of (fie ifngular disiribution -or f
electrons bjcctcd in (lie phodtodetachijient of -ie,-via -the two resolyexl exii, c 'hannels,
thai leavle the lHe atom in either the 2'S or tlie-2P state. it appear-rom (hie results
that the independent clectroni model is, inadequate to describe tile emission,- process,
for either channel. Correlation, in, sonic form, affects the photoelectron ingtOOt
(listributiolis. In.(lhe case of (ie uleC"P) channcl,-the-( ls2p2?)4 P-shapcp resonance nmy
play a role in enhancing thie phlotodetachilct process and in perturbing'(thc emission
patIlcrn. It1 is clear from this work (tiat further theoretical workig on (lie photodetach.
(iett of the relatively tract~iblc, yet fundamentally- interesting, I f 6 ion is nedced to
aid in a full quantitative undcrstanding o4 the emnission -process.

We would like to-ackniowledlge J Burgd~rfcr "and A Starnecdror their-helpfu I(discussions .
Two of us (JST and'l I)P) acknowledge research suppoitI from -the US Dcpartnieni of
Energy, ornec of ilasie E.3nergy Scici-ces, D~ivision of Chcmical Sciences through tile
University of Tennessee, Two of us, (RNC and-,GDA) acknowiedgd support-fromn the
US Office ofNaval Research, Oak Ridge Nationail Laboratory is operated by Martin
Marietta Energy Systenis, Ic under Contract No DE-AC05-840R21400.
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TheoretcalStudies of:the i Photo hysics:of 1e -' s"

H.P. Saha
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R.N. Compton
Oak Ridge National Laboralo&yOak Ridge, Tennessee 37831-6125

(Received 30'November 1989)

Cross sections and asymmetry (0s,) parameters for the ph6todetachment of 2i and 2p electrons-from
He-(s2s2p)"Pare calculated using the multiconfiguration Hartree-Fock method which'inludes'the
effects of dynamical core polirization and electron correlation. The excellent agreementwith limited ex-
perimental data suggests its accuracy over the energy range from 0 to 4'eVi The photodetachment'cross
sections are used to calculate the inverse radiative attachmentcross sections.

PACS numbers: 32.80.Fb

Negative-ion states which lie in the continuum and do gies from threshold to 4.5 eV. Comparison ismade with
not radiate to a lower state will eventually autodetach to existing cross-section, measurements 7- and with, recent
a neutral plus a free electron. The lifetime of such auto- asymmetry parameter measurements.' 4  Finally; the
detaching states depends upon the strength of the cou- principle of detailed balance is used to cal.culate the radi-
pling to the continuum. Those states which interact ative attachment cross sections for He(l.2s 3S).
strongly with the continuum via the electrostatic terms in Electron-correlation and dynamic core-polarization
the Hamiltonian are short-lived (-10-12_10-I1 sec) effects are very important in the accurate calculation of
and are observed as resonances in electron-scattering "1or photodetachment properties of negative ions. Recently
photodetachment 2 cross sections. Those states which in- the MCHF method'1 was shown to reproduce16 the pre-
teract weakly with the continuum via the spin-spin or viously calculated bound-free photodetachment cross
spin-orbit interactions of the Hamiltonian can have auto- sectioti of H - over the photon energy range from 0.8 to
detachment lifetimes approaching milliseconds. The 3 eV. As in the present calculations, the electron-
(ls2p2p)4p, state of He- is a classic example of a correiation and dynamic core-polarization effects were-
long-lived Feshbach resonance (electron bound to an accounted for in an ab inlto maniner. The accuracy
excited state). The J- I and I fine-structure com- of the MCHF method exhibited for H- suggested
ponents of He- 4p, can decay 3 through spin-orbit and its application to the more complicated case of
spin-spin interactions via coupling with the doublet P He-(ls2s2p4p). The excellent agreement -between
states, whi!e the lower-level 4p512 state can decay 4 only the length and velocity calculations for both H - and the
through the considerably weaker spin-spin interaction, present He- case attest to the accuracy and complete-
Relativistic radiative autodetachment of He 4 O has ness of the initial- and final-state wave functions. De-
not yet been detected. Many of the physical properties tails of the present calculations along with partial cross
of metastable He - 4pO have been extensively studied sections will appear in a separate publication by Saha.
both experimentally and theoretically since its discov- The initial and final states considered in the present
cries in 1925 and 1939 (Ref. 5) (for a brief review, see calculation are
Ref. 6).

There have been a number of 6xperimental measure- hw+He(ls2s2P - HeQS)+e(ks
ments7 11 and two theoretical calculations 2.' 3 concern- - He( 3S)+e(kd)4D
ing the photodetachment of He 4Po. Both experi-
ment 5 o and theory' 2 exhibit an enormous peak in the - He(3p)+e(kp)4S'

photodetachment cross section at -1.2344 eV with a .- 4 He(3p)+e(kp)4pe
half-width of 7 meV. This peak is due to the excitation
of the He- 4p, state to the (ls2p2p') 4Pe shape reso- - He(3P)+e(kp)4D,. (1)
nance. The experimentally determined maximum in the
cross section is 80± 10 A2 and is about 3.3 times larger We emphasize that relativistic effects are not included,
than the previous theoretical value ' 2 ( -24 A2 ). and therefore any fine-structure effects (U dependence)

In this paper, the multiconfiguration Hartree-Fock on the initial ion or final state are not included. Future
(MCHF) method is used to calculate accurate photo- studies would include calculations of a and f3 for the in-
detachment cross sections and angular distribution asym- dividual J- , 3, and + levels of He -4p.

metry parameters for He - 4p0 for incident photon ener- The MCHF expansion of the wave function for the in-
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ha! state consisted oft'configurations constructed from -
Is, 2s, 2p, 3s, 3p, 3d, 4s, 4 p, 4d; 4, 51, 5p, 5d,6s, 6p,
and 6dorbitals; All of the boufhd orbitals-are optimized,
variationally.' 7 The five final-state wave functions were
made .from expansions of the configurations. coupled to0 Presnt L.nt "

form .each of the 4Sl 4P, and. 4DC terms. The ciectron ' Present ,V!ocly
affinity for He(2 3S) was: calculated 0tobe 0.0775, eV afid P" *..' Peterson etal"'
is in exact agreement. with the more accurate Yalue-of 000 Hodges et al
0.07751 I± 0.00004 eV of Bunge,and Bunge; 18 The elec- d 0iC ... oPe t a.
tron affinity for He(2 3P) was 1.221 eV which is in excel- 0Ie1 ta
lent agreement with the experimental value of 1222 .2°
+0.0008 eV.°

The photodetachment cross section -for absorbing a
photon of energy ho from an initial state i toa final ' '''
state f is given by

a(o) l4yr 2aaa, I (iI TI',) (2),

where a is the fine-structare constant and ao is the radius 0.0 0.5 1.0* 1' 5 2.0 2,530 3.5 '4.0 4.5 5.0
of the first Bohr orbit of the H atom, Vig and Wf repre- -Photon energ (eV)
sent the wave functions describing the bound and free FIG. I. Total photodetachment cross sections for He( 4P °)
states of the negative ion, The summation runs over all vs photon energy.
of the final configurations and magnetic quantum-num-
bers. The length and velocity forms of the dipole transi-
tion operator Tare

zj and Tv'. L 4The angulardistribution of photoelectrons detachedTL za (3) from a subshell, i, by light polarized in the 6 direction is
j-1 -W1 related to the differential cross section by the relation'

V, and Vf are found to be exact solutions of the same daw
Hamiltonian if the length and velocity forms of the cross - 1 (4)
sections and ,3 parameters are identical. The method of
constructing the MCHF wave function for the final con- P2 is the second-order'Legendre polynomial whose argu-
tinuum state involves the solution of coupled integro- ment is the cosine of the angle between the polarization
differential equations which are solved by an iterative vector 6 and the direction of the outgoing electron k.
method and is identical to that described in detail ear- The asymmetry parameter p1,1(w) for the photodetach-
ier. 16  ment of the 2p electron from'He - 4P was calculated us-

ing the Cooper-Zare model, 19

I() -1 )T 2- (W) + (1+1 )( +2)T+ , (6) - 61(1+1 )TI- I (o)T+ (o)cos(4,+, - 4- 1)
(21 + )[(IT?- (W) +(1+ )T?+ 1 (o)] (

where TI- 1(wo) and T,+a(wo) are the radial partsof the -
dipole matrix element corresponding to the I- 1 and where £o and L, are the orbital angular momentum of
I+ 1 channel, respectively, and ,1 is the phase shift of the initial and final core states, respectively.
the Ith channel. The use of the Cooper-Zare model for Figure I shows the total cross section obtained by
an s subshell 2° gives a value of 2 for P since differences summing up the partial photodetachment cross sections.
of the photoelectron phase shifts for the last three chan- The experimental value of Compton, Alton, and Pegg, 7

neis in Eq. (4) are ignored. These phase-shift differences Peterson and co-workers, 9.10 and Pegg et al. I' are shown
are taken into account in the angular momentum for comparisons. The total cross section rises sharply
transfer formalism. 2' Following the formalism of Fano from the He(2 3S) threshold to a maximum of 12 A2 at
and Dill, 22 1p for an s subshell is given by 0.085 eV then decreases to a minimum at about 0.125

eV. This rapid rise and, fall of the cross section is due to
fl Ipca(j,)(jt) (6) the ls2s(3S)ks 4Se channel. The broad maximum in

jra(j) the cross section around 0.3 eV is due to the
In the LS-coupling approximation 20ls2s(3S)kd 4De channel. At higher photon energy the

photodetachment cross section is dominated by the
j, -L, - Lo, ls2p24pe shape resonance. The resonance position and
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FIG. 2. Photoelectron asymmetry parameters, Pz,, as a FIG. 3. Photoelectron asymmetry parameters, Pip, as a,
function of photon energy. function of photon energy

width (FWHM) are calculated to be 1.231 and 0.0075 The principle of detailed balance can be used to relate
eV which are in excellent agreement with the experimen- the photodetachment cross section od to the radiatiye at-
tal value of 1.2344 ± 0.0004 and 0.0070 ± 0.0004 eVi re- tachment cross section, a.,
spectively. 1o It is seen from the figure that there is out- - h
standing agreement between the present results and the Mg
absolute cross sections of Peterson, Bac, and Huestis 10 in al v J IV O1" (7)
the vicinity of the resonance. Early data of Peterson, where v is the frequency of the quantum emitted, m is
Coggiola, and Bac' also indicated that additional struc- the mass of the electron, v itsvelocity, and g-/go is the
ture might be present below 1.23 eV suggestive of possi- ratio of the statistical weights of* the negative ionand
ble interference from 'S or 4D states in this energy re- atomic states (taken to be 4 here). 23 The radiative at-
gion; however, their later measurements showed no struc- tachment cross sections to metastable He(ls2s)S are
ture.10 The present calculations also show no such in- shown in Fig. 4 as a function of electron energy ranging

terference structure. Compton, Alton, and Pegg1 also from 0.00136 to 2.5 eV. Experimental cross sections of
report structure at 2.5 eV which was not present in our Pegg et al t are included. Also shown are cross sections
calculations. In fact, no evidence for any other reso- at two energies from Hodges, Coggiola, and Peterson.$
nance structure was found up to -5 eV. Finally, we This research was supported by the National Science
note almost exact agreement with the cross sections Foundation under Grant No. PHY-8801881, in part by a
determined by Pegg et al. which are expected to be the Cottrell Research Grant from the Research Corporation,
most accurate experimental measurements to date. and by the U.S. Office of Naval Research, Grant No.

The asymmetry parameters P,(0) for the photode- ONR NOOO4-89-J-1787. Acknowledgment is also
tachment of 2s and 2p electrons are presented in Figs. 2 made to the donors of the Petroleum Research Fund ad-
and 3, respectively, along with the limited experimental ministered by the American Chemical Society for partial
data recently available." Again the near equivalence of
the length and velocity results attest to the accuracy of
the wave functions representing the initial and final
states. Figure 2 shows the calculAted P2S(a) for photo-
detachment of the 2s electron. Agreement between ex- "E 151 He(ls2s3S)

periment and theory is very good over the energy range
available from experiment. The distributiont is nearly "-
isotropic at threshold and approaches asymptotically the i
Cooper-Zare model value of 2 [Eq. (5)]. The asym- 2 i .Present Lengthmetry parameters for the 2p eleztron, Pfp(ow), in Fig. 3 0 0 00 0 HogesetL". * oo"" o" eet at.

varies from 0 to - I in a narrow region above threshold * Peggetal.

and approaches 1.5 asymptotically. Thus, the angular
distribution of photoelectrons would be isotropic at
threshold and quickly changing to sin 20 dependence I 0

(ejected perpendicularly to the plane of polarization of o. o IV" . too'  10'
the photon beam). The experimental data and theory Electron energy (eV)

are seen to agree very well for Pip(w) over the narrow FIG. 4. Radiative attachment cross sections vs electron en-
energy region. ergy.
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Partial Cross Sctions for the Photodetachlent of MettaableHe "

D. J.'Pegg, (2 3. S. Thompson,b) and J. Dcllwo
Department of Physics, University of Tennessee. Knoxville. Tennessee 37996

R. N. Compton () and G. D. Alton

Oak Ridge National Laboratory, Oak Ridge. Tennessee 37831
(Received 3 October 1989)

Partial cross sections for the photodetachment of a 2s or 2p electron from metastable (ls2s2p)'P
He - ions have been determined using crossed-beam photoelectron spectroscopy. Kinematic effects asso-
ciated with detachment from a fast beam source have been exploited, in a novel way, to enhance the pre-
cision of the measurements. Calculated cross sections for the photodetachment of H - were used to es-
tablish a scale for the He - measurements. Radiative attachment cross sections are derived from the
photodetachment results using the principle of detailed balame.

PACS numbers: 32.80.Fb

The three-electron He - ion has a relatively simple photodetachment channel, hv+H-(I1S)-. H(1 2S)
structure. As such, it has received a great deal of experi- +e -(kp), in the visible (hv< 10.96 eV). In contrast,
mental and theoretical attention since its discovery by photodetachment of He - can lead to five possible final
Hiby.' It is well known that stable He - ions are nonex- (continuum) states in the visible (hv < 4.85 eV); i.e., 4s

istent due to the fact that an electron is unable to attach and 4D states associated with the process hv
itself to a.He.atom in its ground state. The He- ion is +He-(24P)- He(2S)+e-(ks,d) and 4S, 'p, and
instead the prototype of an unusual class of unstable, yet 4 D states associated with the process hv+ He-(24P)
long-lived,.n ative ions that are metastable against de- -- He(2 3P)+e -(kp). The technique .of energy and
cay via electron (autodetachment) and photon (electric angle-resolved photoelcron spectroscopy has allowed us
dipole) emision...The ion is formed in the core-excited to quantitatively investigate, as a function of photon en-
and spin-aligned (Is 2 s 2p ) 4p state when an electron~at- ergy, the competition between the two resolved photode-
taches itself.to a He atom in the metastable (isTS)3S tachment processes that leave the He atom in the 23S
excited state.,Autodetachment via the strong electrostat- and 23P states, respectively. The partial cross sections,
ic interactions is spin forbidden. The process proceeds, o(QS) and o(P), for.the two processea have each been
however,..at a-slower rate via the weaker magnetic:in- measured relative to the known cross section, o(2S), for
teractions among the electrons. There exist a differential photodetaching a reference D - ion.. ,As far as it is

metastability. among the fine-structure levels due to their known, the present data represent the only published
different coupling strengths to the continuum., The life- measurenent of branching ratios for competing photode-
times of the.hree levels and their relative spacings have tachment channels. At the present time there are no
been measured.by Novick and co-workers. 2 The He- published calculations of the partial cross sections for
ion live 'lon.e.inough (tens to hundreds of microseconds) He- photodetachment, although work is currently in
that a beam.of..ions can be formed in an accelerator and progress. 6  I - :.', . ,
subsquentlyused as an essentially stable source for ex- The cross-section rati , were determined from mea-
periment- .' e structure of He- is now well etab- surements of the yields and angular distributions of pho-
fishd. Th-electron affinity of He(23S) has been-calcu- toclectrons ejected from the ions at- the intersection of
lated by Bunge and Bunge3 to be 77.51 ± 0.04 meV. crossed laser- and negative-ion beams. The fast moving
This.quanti t -was first measured by Brehm, Gusinow, (-30 keV) and tenuous beam of.negative ions was pro-
and Hall... S crossed laser-ion-beam photoelectron duced by double charge exchinge between a beam of
speccrop , later by Peterson, Bae, and .Huti"s"  positive ions and atoms ina Li vapor cell. The negative-
using a mqeqd-beam threshold photodetachment. tech- ion beam was intersected.orthogonally by a linearly'po-
nique. The latter value is in excellent agreement with larized beam of photons. from a flashlamp-pumped
theory. pulsed dye laser. Sets of apertures were used to ensure

The detailed manner in which metastable ions such as that the overlap of the two beams rmained unaltered
the.Hel7.ioT-interact with radiation is not as well known, during the relative measurement process. Following
however,-although the subject is of fundamental interest. photodetachment events, electrons ejected from the He -
In particulart'experimental data on absolute partial cross ions, in the direction of motion, of the ion beam
sectionsw .the subject of. this paper are-sparse. (forward-directed electrm)r were-collected and energy
The simpleststsble negative ion, H -, has a.single open analyzed using a spherical-sector.electron spectrometer.
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The-angular distributions of the detached electrons were Phot6detachnenSpeeti (.\--696 nmi)1

determined by measuring their yields as afunction of the

angle between the fixed collection. direction and the
direction defined by the polarization vector of the laser Ee) ?.19 keV

beam. The polarization vector could be rotaied in a-
plane perpendicular to the propagation direction-of the
laser bythe use of a X/2 phase retarder (double Fresnel
rhomb). The output power of the laser was carefully
chosen to avoid saturation on each of the photodetach-
ment processes studied. The instantaneous intensities of He(S) exit chaiei
the photon and ion beams were monitored for normaliza-
tion purposes. A synchronous detection scheme, based
on the time structure of the pulsed laser, was used,-to
discriminate against the rather large electron back- -l..
ground. Further details of this crossed-beams apparatus
can be found in a previous publication. 7

The relative cross sections (angular integral) were ob-
tained by comparing, under identical geometrical condi-
tions,.the yields of electrons, Y(He) and Y(D), produced - E(D' 19.1? keV
in the photodetachment of beams of He - and D- ions,

respectively. The cross-section ratio for these two pro-
cesses can be expressed by the following relation: I

a(He), Y(He)W(D)p(D)g(D)[I +O(D)] (I
o(D) y(D)#(He)p(He)g(He)[l +p(He)] D es) exit channel

In this expression the yield ratio is multiplied by several .

measured factors that take account of the different pho-
ton fluk,*-, ion densities, p, frame-transformed solid-
angle,fabtrs, g, and asymmetry parameters, P, associat-
ed With iphotodeiaching electrons from the two beams. 'a ISO

All geometric factors are adjusted to be equal and there-
for, cancel out. A novel technique, which iN illustrated
in'Fij. I, hasbeenused to cancel out the efficiency fac- EM0c') 50,47 keV
tors associated with the collection and detection of tlec-
trons from the two beams. The three photoelectron spec-
tral-peaks shown in Fig. I, which have different energies
in theion frame, can be kinematically shifted to the
same-,energy in the laboratory frame by an appropriate
choice of the ion-beam energies, El. The efficiencis for l .. exit I,
collecting and detecting electrons -of the same energy
from the He - and D - beams then become equal andcancel out. The ion-beam energies, which are needed to

determine both the ion densities and solid-angle transfor-
mation factors shown in Eq. (1), can be determined pre- to 60
cisely-(--0.1%) from an in situ analysis of the separation Electron Fnergy EI,(eV)

of the-peaks in the photoelectron spectra. For example, FIG. 1. Three spectral peaks kinematically shifted t6 the
the H7",photodetachment siectrum consists of a pair of same laboratory-frame energy by an approprate choice of
peaks (one for each exit channel) whose separation in ion.b,am energies. The peak yields were used in the measure-
the lion frame, E(3S- 3P), is well known from photon ment of relative cross sections for the photodetachment of He-
spectroscopy. A determination of their separation in the and D- ions.
laboratory frame can then be used to measure the ion-
beam energy. This technique, which depends on either
kinematic shifting or doubling of the spectral lines, is de- measurement technique was first tested by photodetach-
scribed in more detail by Pegg et aL7 Angle-resolved icg electrons from beams of D - and Li - ions. The pre-
yield-measurements were made on each spectral line to dicted cos2 E (P-2) distribution was obtained in all
determine the asymmetry parameters P that characterize cases. The 3p exit channel in He - photodetachment in-
the shape of the photoelectron emission patterns. The volves the ejection of an s orbital electron, similar to
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photodctachment in the stable D - and Li - ions. The (2.091 eV)7Thel measured partial and total crosic-
measures. values of P3, however, am,~ considerably smaller tions are also shown in Fig. 2, along with the results of
(P3-1.5) than the 13-2 predicted by an independent- the total cross-section calculation ot'Hazi and'Red' 11

electron model. It is suspected that the presence of the The calculation and the sum of the present partial cross-
(1s2p 2)4p shape resonance5 lying just above the thresh- section measurements are seen to be in good agreement
old for the opening of the 3p channel is perturbing the at all the photon energies used in the experiment.* The
angular distribution of the photoelectrons in this case. only other partial cross-section measurement for He - is
The spectral dependence of the asymmetry parameters that of Brehm, Gusinow, and Hall.4 Their estimates, at
characterizing the angular distribution of electrons eject- a photon energy of. 2.4 10 eV, are limited in precision to a
ed in the photodetachment of Hi- are the subject of a factor of 2 since no angular distribution information was
paper by Thompson et at.' Calculations have been made obtained in thie experiment. The less precise total cross.
by Saha and'Compton.6 * . section, measurements of Compton, Alton, and Pegg I .

Th ati"Il *crossseto ratios, cQS)/oQ'S) and anand Petersona are n seta
a0P)/a(?S), have been measured at pl-flon energies of agreemrent with the sum of the partial cross sections''
1.781, 1.946,:iand .2.091 eV. The.results. arc a('S)/ measured hen 7'
co(2S) -0.60 ±0.02 (1.781 eV)t 0.57 ± 0.04 (1.946 eV), The measured cross sections for photodetaching an
and 0.49 ±0.04.(2.091 eV); a0P)/a0S) -0.28 ± 0.02 electron from the -He -ion can be .used to indirectly
(1.781 eV), 0 18 ± 0.02 (1.946 eV), and 0. 12 ± 0.01 determine, using detailed balance arguments,':'4 the cross
(2.091't:V)."-The-uncertainties quoted-on these values sections rq.;qor:thd far less probable inverse prooess of

rpeet i-iinitard deviations-of theweighted mean of radiativc-attachment. The derived radiitivc-attachment
several data-sets each comprising a number of individual cossectoin ban)arirfS-6±7(i8
spectr a d& l'together. MTh major-source -of statistical eV),,.161.±12.J1.946 eV), and 120± 13 (2.091 cV);
error in -siach"i-data set originates -inth 'nimasuremnent of oVP) '7 ± (181 eV), 45 ±4 (1.946 eW)' and

yieit~(- %) ad a ~ety-jparameter .ratios 30±3U19Ic),.,,
(-~3%). Uncertainties in other measured quantities are 71he: tiey .high precision' (-5 % Iii favorable
coiitdei cuI.b "negligible. %.Systematic error sources cases) -of. thcpesnt. cross-section ratio measurements

]3T ifigated and are estimated to be within the reflects oab,&iitya.o exploit, in a novel way,..certatin kI-
.qQ 2d'%imts 'A scale for the -relative cross-section nematic 4actsiassociaed with a fatmovig ius'rc o f

ini ~n-be readilyrestablished- by iassuming ons nd#wsimultaneous collection of electionis in thei
P ~~for-the crOS) cross section, for-photo- foqwardd rcto.,Jtbese features of.tbe present ap.

d-tachh~iD' ion. Several calculations of H - pho- -paratus -h am enot been used in previous photodetachent
todetachiniW cross sections have been made and can be "r 11t - - ~ Z.. ... ..

used (oeRifpupe Th Ie perturbation-variation results _ . -J
ha be arbitrarily chosen for the purpose Toa Phtdtcmn er QSection For"

'o&imaiiAlon' in the- present-work. The -results of .. ,.)ht 11~e
Iidiidi~eRLinhardt' 0 ' fall -within 12%. of Ahosen of ~ ~ le ')+h'- i
Stiwirt i'fthra of - the rpresent-4 experiments.

4d~iiibiniig'ihi'theoreticaI values (assuming a 3% uncer-
iinti) wvitK-'he-'measured-cross-section ratios produces
thie paitWI~r~s sections (in Mb)4shown in Table L The .*

sum'o oth1patai-cross sectionsvcrw. and.the measured -

"a'sy~mm'i 7pimetrs; i ae ialso ;.tabulated. The MT...
'(b_781 '6eV)'-7S±0.l0'(.946;,eVX and 0.80±0.18 .

TABLE.I.Pogodsctachnicnt of H-e cross sections (Mb) .ZU . c

&A asmetparameters. -

Photon enerp (eV) .,. Photon Energy in ev
1.781 1.946 2.091 FICL 2. -The open-squarcs and circles represet. ,the.partial

00s) ..22.9 ± 1.0 20.5 ±1.5 16.6 ± 1.8 cross sections for.-photodetaching He- via the HeQP) and
00'S) l115 ± 0.02 1.28 ± 0.02 1.19 ±0.07 HCeQS) exit &-nes respectively...Thc i olid circles. which are
a('P) 100 .66.7±0.6 4.1-±0.4 tbesum oh"partalcrosssction, amccnpred wtkthen'-
POP) r.52±0.04 1.59±0.03 1.53 ± 0.05 sults of the lotal cross-section calculationof Ref..lI I (shown as

* ~ I~2~.±24'~m--~27.2±34 - .20.713.0 continuovsxurves).:The length and velocity form are qre-
______ _____ ______ _____ seated by h&i4p n lowr uy
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Photoelectron Angular Distixbutions for-ns (n= 8-, 2), Subslhells.,ofCesimm: Reiaivistic;Effects,.

L. E.,Cu~llar
Department of Physics, The University of Tennessee, Knoxville, Tennessee 37996

R. N. Compton ca) and I|. S. Carman, Jr.
Oak Ridge National Laboratory. Oak Ridge, Tennessee 37831

C. S. Fcigerle
Department of Cheniisrr,. The University of Tennessee. Knoxville, Tennessee 37996

(Rcceivcd 8 March 1990)

Photoelcctron angular distributions for resonantly enhanced thrce-photon ionization (2+) of cesium
via the ns (n -8-12) states have been measured. 1 he asymmetry parameter p'is found to vary, from
+ 1.2 for the 8s state to -0.5 for the 12s state. These results provide the first clear cxperimental evi-
dencc for relativistic (spin-orbii) effects on the photoclectron angular distribution for an alkali-metal
atol.

PACS numbers: 32.80.Rm

The photoionization of an atom represents one of the light is given by 1.2

most elementary collision processes. Photoionization of )[i +3(e)P(cosO)I ,(i)

a randomly oriented ensemble of atoms is characterized dn 4 -

by the total cross section c and the asymmetry parame- where 0 is the direction of the photoelectron with respect
ter /, which describes the angular distribution of photo- to the electric-field vector of the incident light, and
electrons. At low photon energies (wavelength of light P2(cos0) is the second-order Legendre polynomial. a
much larger than the size of the atomic target) the elec- and /, are dependent upon the photoelectron energy c
tric dipole approximation is valid, and the differential and the bound and cntinuum wave functions involved.
cross section for photoionization by linearly polarized For LS coupling of nonrelativistic single-particle wave

functions, / is given by2

M] ()"!(- I ) R?- I + (U + 1 ) (! + 2 )1Ri I - 6/ (l + I ) Rj- I Rj + I cos86 (2)

(21 + I ) [Rt -I + + I )R+ I]

where R- 1 and Rt+1 are the radial matrix elements be-
tween the bound and continuum wave functions for the given in Eq. (I). In the present case, excitation of an ns
1- I and I +1 partial waves, respectively. 63=6-+8 state (J ) results in an isotropic target, and Eq. (I) is
-81-1 is the difference in the phase shifts for the two valid. Values of/P are found to vary from + 1.2 for the
possible continuum functions. The important point in 8s state to - 0.5 for the I 2s state which we attribute to
the present context is that, for photoionization from a relativistic (spin-orbit) effects in the photoionization con-
pure s orbital (-0) and when the phase-shift difference tinuum.
is zero, Eq. (2) predicts that / is independent of energy The importance of spin-orbit interactions in the heavy
and is identically equal to 2. It has been shown, howev- alkali-metal atoms has been recognized for many years.
er, that deviations from this expectation may result when In 1930, Fermi"3 showed that spin-orbit interactions are
(a) anisotropic electron-ion interactions are important responsible for the anomalous doublet-line-strength ra-
(e.g, photoionization from open-shell systems)'-6 or (b) tios for cesium. Seaton " later showed that inclusion of
relativistic (spin-orbit) interactions are appreciable. 7"12  spin-orbit effects can result in nonzero minima in the
Anisotropic electron-ion interactions are absent for pho- photoionization cross sections (the so-called Cooper
toiocnization of the s states of alkali-metal atoms minima I). Fano16 predicted that spin-orbit effects
(closed-sliell core) and deviations from P- 2 thus pro- would result in emission of spin-polarized electrons when
vide a direct test of relativistic interactions. In this circularly polarized light is used to ionize Cs atoms. Ex-
Letter we report photoelectron angular distributions for perimental observations of the Fano effect soon fol-
resonantly enhanced three-photon ionization (2+ I) of lowed,1 7- '9 and it was shown that accurate values for the
cesi'im atoms via the 8s, 9s, I Os, and I 2s states. In gen- position of the Cooper minimum could be obtained from
eral, multiphoton excitation can give rise to aligned (spa- the spin-polarization measurements."9 Several theoreti-
tially anisotropic) target states for which the form of the cal studies have addressed the effects of spin-orbit in-
differential cross section is more complicated than that teractions on photoelectron angular distributions, 7 -12 but
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experimental studies have been sparse. of the alkali metals, we have measured photoelectron an-
Inclusion of relativistic (spin-orbit) effects results in gular distributions for several ns states of cesium.

radial matrix elements which depend upon the total an- Figure I shows the multiphoton ionization scheme.
gular momentum (j') of the continuum wave function. / The photoionization cross sections versus photoelectron
for an s state then becomes8 ,9' 2  energy recently calculated by Lahiri and Manson34 for

the 8s and 9s states are also shown for illustration. The
,()-2R /4'4Ri/2RJ/2cos(33,2-8w/) (3) positions of the Cooper minima are very similar for

2R/2 + R 12 different principal quantum numbers including the

It has been shown 8-t t1 ' 6 that the phase-shift difference ground state (n-6) when plotted versus photoelectron

453/2-51/2 is generally close to zero. Under this condition energy. 34 The energy of the photoelectron in the contin-
note that when the matrix elcments R112 and R312 are uum, e, is determined by the photon energy and the ion-

equal, / is again equal to 2. However, the two matrix ization of cesium, -3hv-lP. Inspection of Fig. 1
elements go to zero at slightly different energies. In the shows that the outgoing electron energies are expected to
energy region where the two matrix elements differ be in the region of the calculated Cooper minima.
significantly, / is expected to differ from 2. In principle, Experimentally, an Nd-doped yttrium aluminum
P can have values between 2 and - 1. A number of garnet-pumped tunable dye laser (Quanta Ray DCR 11,
specific cases are vorth noting: when R 312 -0, /0; PDL2) is used to excite the 8s, 9s, 10s, and 12s states of
when R i =0, / 1; and whcn R 2 - - R312, p = - . cesium by nonresonant two-photon excitation. It was notManson and Starace 2 w have rcviewed the subjcct of possible to study the I Is state because of complications

energy-dependent photoelectron angular distributions for of nearby levels (see Ref. 35). A third photon from thes subshclls. Deviations from7 J32 have been observed in same laser beam photoionizes the excited atom. Note
only a few cases. Niehaus and Ruf 2 mneasured angular that the two-photon excitation results in equal popula-onlya fw caes.Nichusand uf~ meaure anglar tions of the inj sublevels, and thus the excited nts states
distributions for ionization of the 6s electron in mercury. tin of tefinio u and tds The ex ci tte
They found that P was energy dependent, varying from 2 are by definition randomly oriented. The photoelectron
to 1.25. More recently, several experimental and angular distributions are therefore not complicated by

theoretical groups have studied the 5s-, p photoieniza- alignment of the intermediate states. The energy of the

lion of xenon. 2231 Two of the experiments 28.29 suggest a photoelectron is determined by its time of flight over a

small "dip" in ,P at a photon energy of -32 eV, in the 7-cm path and is detected by a channel-plate charged-

region of the Cooper minimum. Two of the theoretical particle detector. The angular acceptance of the detec-
calculations24 2 include relativistic effects but only con- tion system is ± 6.5'. The plane of polarization of the

sider single-hole ionization channels and predict a much incident light is rotated with a double Fresnel rhomb

larger decrease in / from the value 2 than is found ex- which is controlled by a stepping motor. Each angular

perimentally; a third such calculation 27 predicts a small- distribution was collected by averaging 100 laser shots at

er decrease in P than is found experimentally. I lowever, intervals of 90 . These measurements were difficult due
Tulkki 31 has recently calculated asymmetry parameters to the small photoionization cross sections for the ns sub-

which are in excellent agreement with experiment. shells of cesium. 3536 The small cross section is a result

These calculations included double-excitation channes of a Cooper minimum in the continuum, which of course

on equal footing with the important single-excitation
channels using the multichannel multiconfigurational 10
Dirac-Fock (MMCI)F) method. Thus in this case, tile
relativistic (spin-orbit) effects are obscured by the effects
of multielectron excitation which are known to be _ _ _"

Cpresent from studies of satellite spectra in the region of o
the Xe 5s Cooper minimum. 30 1 10 1 :Z

It is indeed surprising to find that, to our knowledge, 8S Q)
only one solitary measurement of a photoelectron angu- V"

lar distribution exists for an alkali-metal s state. In 1931 (1'"- 9S-
Chaffce 32 reported / of approximately 2 for photoioniza- /. .
tion of ground-state potassium in the region of -2400 10
A, although he did detect a small residual signal when -2 0 2 4

the light polarization was perpendicular to the electron E, (eV) e (eV)
detection direction. Samson33 has performed a detailed FIG. I. Illustration of resonantly enhanced three-photon
analysis of these data and concluded that P3 was equal to ionization scheme used to study photoelctron angular distribu-

i.55. In 1979 Ong and Manson reanalyzed the lions for ns (n -8-12) states of cesium. Also shown are the
Chaffee data to obtain P3 = 1.5 ± 0.3. In order to more thcorctical photoionization cross sections vs photoelectron ener-
rigorously probe spin-orbit effects in the photoionization gy of Lahiri and Manson (Ref. 34) for the 8s and 9s states.
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makes the present problem interesting. Several Our mcasurcments (or the 8i staie agrceexaciy WiihJhe
angular-distribution measurements were averaged for theoretical value calculated using the velocity form of
each state in order to obtain good signal-to-noise ratios, the wave function but is -15% lower than that'calculat-
We should point out that since a signal is only observed ed using the length form.
when the laser wavelength is in two-photon resonance This study represents the first measurements of photo-
with an ns state, the contribution due to photoionization electron angular distributions for excited s states of an
of dimers should be close to zero. Electron-energy alkali-metal atom. The data clearly show the impor-
analysis also assures this fact. We note parenthetically tance of spin-orbit effects in the photoionization continu-
that the results of Chaffee 32 were probably affected um and support the previous theoretical predictions 34 of
somewhat by photoionization dimers. a Cooper minimum at photoelectron energies just above

Photoelcctron angular distributions for .photoioniza- the threshold for ionization. Further theoretical calcula-
tion of ns (n-8-12) subshells of cesium are shown in tions for the simple case of photoionization of s subshells
Fig. 2. The asymmetry parameters for each angular dis- of alkali metals are encouraged. Experimentally, our
tribution are obtained using a least-squares method to fit program is to use two lasers, one to pumpi the ns states
the experimental data by the equation [see t-q. (I), and the second to photoionize the ns levels at different

energies in the continuum. Energy-dependent /3 parame-
1(0)I+pP2(cosO). () ters for an isolated is state can then be determined as

Note that since - I P:: 2 and P2(cosO) y- (3cos 20 well as the energy dependence of the photoionization
- I), Eq. (4) gives 0:< 1(0) 5 3. The /3 values thus ob- cross section. We are also in the process of performing
tained for each state are also indicated in Fig. 2. Identi- experimental measurements on one-photon ionization of

cal P values are obtained from P = (R - I)/(I + R/2), ground state (6s) cesium atoms in order to obtain a(e)
where R is the ratio of the electron signal recorded at and /3().

0-0 ° to that at 0=900. The linear polarization of the This research is sponsored by a grant from the U.S.
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acknowledge helpful discussions with U. Fano, M. 0.
Krause, A. F. Starace, F. A. Grimm, and . W. Cooper.

8S 9S ________

- 1.23 + 0.05 - 0.52 - 0 5

2 2- ("Also at Department of Chemistry, The University of
Tennessee, Knoxville, TN 37996.

1 1 C. N. Yang, Phys. Rev. 74, 764 (1948).
2J. Cooper and R. N. Zare, J. Chem. Phys. 48, 942 (1968);

. -  -  Lectures in Theoretical Physic;, edited by S. Geltman, K. T.

F-3 los 3 12S Mahanthappa, and W. E. Britten (Gordon and Breach, New
- -0.14 + 0.15 p = -0.49 + 0.09 York, 1969), Vol. I IC, p. 317.

3D. Dill, S. T. Manson, and A. F. Starace, Phys. Rev. Lett.
32, 971 (1974).

4A. F. Starace, R.11. Rast, and S. T. Manson, Phys. Rev.
1 I-iHI111i I L / lett. 38, 1522 (1977).

5E. S. Chang and K. T. Taylor, J. Phys. B 11, L507 (1978).
0_ _ 

6S. Shahabi, Phys. Lett. 72A, 212 (1979).
S C v/20  

7V. Jacobs, J. Phys. B 5, 2257 (1972).
Polarization Angle, 1 ST. E. 11. Walker and J. 1'. Waber, Phys. Rev. Lett. 30, 307

(1973); J. Phys. B 6, 1165 (1973); 7, 674 (1974).
FIG. 2. Photoelectron angular distributions for us 9G. V. Marr, J. l'hys. B 7, L47 (1974).

(n -8,9,10,12) states of cesium. Distributions were measured 10W. Ong and S. T. Manson, Phys. Lett. 66A, 17 (1978);
from 0 to 2;T; however, the data from ;r to 21r are averaged with iPhys. Rev. A 20, 2364 (1979).
that from 0 to Tr and shown here. Solid lines are best fits of IIK.-N. Iluang and A. 1. Starace, Phys. Rev. A 19, 2335
data by Eq. (4). Error bars are I standard deviation for the (1979).
average of several angular distributions. The errors in / are 12M. S. P'indzola, 1Phys. Rev. A 32, 1383 (1985).
+ I a from the statistic2, variance of fit. 1-1E. Fermi, Z. Phys. 59, 680 (1930).

165



- -VOLUiE65, NUMI3ER2 PHYSICAL REVIEW LETTERS 9 JULY 1990

14M. J. Scaton, Proc. Roy. Soc. London A 208, 418 (1951). R. A. Rosenberg, and D. A. Shirlcy, Phys. Rev. Lett. 43, 1661
15i. W. Cooper, Phys. Rev. 128, 681 (1962); U. Fano and J3. (1979).

W. Cooper, Rev. Mod. Phys. 40, 441 (1968). 27K.-N. I-uang and A. F. Starace, Phys. R(ev. A 21, 697
16U. Fano, Phys. Rcv. 178, 1.31 (1969); 184, 250 (1969). (1980).
17G. Baum, M. S. Lubcll, and W. Raith, Phys. Rcv. Lett. 25, 28A. Falilman, T. A. Carlson, and M. 0. Krause, Phys. Rev.

267 (1970). Lett. 50, 1114 (1983).
18U. flinzmann, J3. Kesslcr, and J3. Lorenz, Z. Phys. 240, 42 2911. Derenbach and V. Schmidt, J. Phys. B 17, L217(0984).

(1970). 30A. FAhiman, M. 0. Krause, and T. A. Carlson, 3. Phys. B
19G. Baum, M. S. Lubell, and W. Raith, Pliys. Rev. A 5, 17, L217 (1984).

1073 (1972). ., 31J. Tulkii, Phys. Rev. Lett. 62, 2817 (1989).
20S. T. Manson and A. F. Starace, Rev. Mod. Pliys. 54, 389 32M. A. Chaffce, Phys. Rev. 37, 1233 (193 1).

(1982). 3)J. A. R. Samson (unpublished); (private communication).
21A. Niehaus and M. WV. Ruf, Z. Phys. 251, 84 (1972). 34j. Lahiri and S. T. Manson, Phys. Rev. A 33, 3151 (1986).
22j. L. Dchmcr and D. Dill, Phys. Rev. Lett. 37, 1049 (1976). 35C. E. Klots and R. N. Compton, in Proceedings of the
23W. Ong and S. T. Manson, J. Phys. 1311,; L65 (1978). Third International Conference on Mudiphoton Processes,
24W. R. Johnson and K. T. Chcng, Phys. Rev. Lctt. 40, 1167 Iraklion, Crete, Greece, 1984, edited by P. Lambropoulos and

(1978); i'leys. Rev. A 20, 978 (1979). S. J3. Smith (Springcr-Verlag, Ncw York. 1984), pp. 58-66.
25N. A. Chercpkov, Phys. Lett. 66A, 204 (1978). 36C. E. Klots and R. N. Compton, Pliys. Rev. A 31, 525
26M. G. White, S. If. Soutleworth, P. Kobrin, E. D. Poliakoff, (1985).

166



PHYSICAL REVIEW A VOLUME43, NUMBER_ I 1IJUNE191 
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Circular dichroism in photoelectron angular distributions (CDAD) is used to examine the align-
ment of the 7P312 and 7PI/2 levels of cesium, prepared by absorption of linearly polarized laser ra-
diation. As expected, the 7P/ 2 level exhibits no CDAD, whereas the 7P3/2 level shows a
significant CDAD signal, although smaller than that predicted by theory. The difference between
experiment and theory is attributed to mj mixing due to hyperfine coupling during the finite ion-
ization time of the laser pulse.

INTRODUCTION for molecular systems. Appling et a. " used CDAD to
probe the alignment of NO molecules excited to the

In this Rapid Communication, we report an experimen- A 2.+ state by linearly polarized light. In a related
tal observation of circular dichroism in angular distribu- CDAD study, Winniczek et al. 12 probed the alignment of
tions (CDAD) of photoelectrons ejected from an atomic ground-state NO molecules produced by photodissocia-
system. Circular dichroism occurs when the responses of tion of CH 3ONO. CDAD for a fixed molecule was re-
a system to left and right circularly polarized light are ported by Westphal et al.,13 who measured photoelectron
different. It is often associated with the discrete (bound- angular distributions for CO molecules adsorbed on a
bound) absorption of molecules 12 that lack a plane or Pd(li 1) crystal (where the CO is oriented with the C
point of symmetry (i.e., they have a chiral center) and is atom pointing toward the surface). To our knowledge, no
most commonly observed as a difference in the indices of experimental observations of CDAD for an atomic system
refraction for left and right circularly polarized light, have been previously reported.
Studies of circular dichrosim are of considerable interest Two groups' 4.15 have reported photoelectron angular
in physics, chemistry, and biology because of the frequent distributions for resonance-enhanced two-photon ioniza-
occurrence of chirality in molecules. Bound-continuum tion (1+1) of cesium via the 7PI/2 and 7P3/2 levels, using
absorption has also been predicted to exhibit circular di- linearly polarized light for both the excitation and ioniza-
chrosim, 3- 7 providing insight into the dynamics of photo- tion steps. In general, for linearly polarized light, a two-
ionization processes. Circular dichroic effects have been photon ionization process is expected to yield a photoelec-
predicted for angular distributions of photoelectrons eject- tron angular distribution of the form 16
ed from optically active 6'7 and oriented 5 molecules. More
recently, Dubs, Dixit, and McKoy 8 - 10 have proposed that (O) -(W/4r)[l +/i2P2(cosO)+f34P4(cos0)1, (1)
circular dichroism in angular distributions can be used to where a is the total two-photon ionization cross section,
probe the alignment of atoms and molecules. Alignment P,, are nth-order Legendre polynomials, and 3 are the
(or orientation) of an atom or molecule frequently results asymmetry parameters. The ,, coefficients are deter-
from optical excitation using linearly (or circularly) po- mined by the radial dipole matrix elements involved in the
larized light. A convenient way of studying circular di- excitation and ionization transitions and thus contain u'c-
chroism in angular distributions from aligned systems is to tailed information about the photoionization process, in-
perform a two-color resonance-enhanced multiphoton ion- cluding the alignment of the intermediate level. If the in-
ization experiment in which excitation with linearly polar- termediate level is not aligned (i.e., if all mj states are
ized light is used to produce an aligned intermediate level, equally populated), only terms up to second order in the
which is then ionized using circularly polarized light. The Legendre polynomial expansion will contribute to the an-
photoelectron signal is measured as a function of the angle gular distribution. In the case of (1+) ionization of cesi-
between the laser polarization used in the excitation step um v;a the 7P/ 2 level, the mj = ± 1/2 states are equally
and the electron collection direction. CDAD is then the populated by absorption of the linearly polarized light and
difference between photoelectron angular distributions ob- the level is not aligned. For the 7P3/2 level, however, the
tained using left and right circularly polarized light for injI = 1/2,3/2 states are unequally populated (only the
the ionization step. The observed CDAD signal contains mi = ± 1/2 states are excited) by absorption of linearly
information about the alignment of the system under polarized light, resulting in an aligned level. It is expected
study.8 - 10 therefore that higher-order Legendre polynomials will

Three recent CDAD experiments have been reported contribute to the photoelectron angular distribution for
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this level. Experimentally, however, it is found 14"15 that second harmonic of the Nd:YAG) was circularly polar-
the angular distributions observed depend upon the laser- ized (using a quarter-wave plate) and counterpropagated
pulse duration. Using a long pulse length (,: 400 ns) with the dye laser beam. In order to obtain a high purity
flashlamp-pumped dye laser, Kaminski, Kessler, and Kol- of circular polarization, the polarization of the 532-nm
lath 14 reported angular distributions for the 7PI/2 and laser beam (which was linearly polarized at the laser exit) ,,
7P3/2 levels which were very similar and adequately de- was further purified using a Glan air prism, then rotated
scribed by Eq. (1) including only the second-order term, with a double Fresnel rhomb prior to entering the
with /32 = 1.4. Subsequently, Compton et al. 15 measured quarter-wave plate. Right (or left) circular polarization
angular distributions using a nitrogen-pumped dye laser was obtained by rotating the input polarization 45' (or
with a shorter pulse duration (: 10 ns). Their results for -45') relative to the quarter-wave plate crystal axis.
the 7PI/2 level agreed well with the results of Kaminski, The two counterpropagating laser beams were crossed by
Kessler, and Kollath,14 with 02 - 1.3. However, their re- a collimated effusive beam of cesium atoms (oven temper-
suits for the 7P3/2 level differed remarkably from that of ature - 130 *C) in the center of a time-of-flight electron-
Kaminski, Kessler, and Kollath,14 requiring up to fourth- energy analyzer. The time delay between the two laser
order terms to fit the data, with /32 = 1.56 and 84 =0.69. It pulses could be varied with an adjustable optical delay line
was shown theoretically 1 that these differences could be in the dye laser beam. The time delay was set such that
explained by including the effects of hyperfine coupling, atoms in the ionization volume experienced the full time
which causes a reduction in the alignment of the level dur- duration of both laser pulses simultaneously.
ing the finite time of the laser pulse. Photoelectrons were collected at right angles to both the

In a vector model, hyperfine coupling results from the laser beams and the cesium beam and were energy ana-
electronic angular momentum vector J, precessing about lyzed by time of flight through a 7-cm drift tube. Stray
the total angular momentum vector, F=J+I, where I is magnetic fields were reduced to a value below I mG by a
the nuclear-spin angular momentum. This precession p-metal shield lining the vacuum chamber. Electrons
occurs with a characteristic time of the order h divided by were detected with a dual channel-plate multiplier (18-
the hyperfine level separation. When the bandwidth of mm diameter) with a concentric-ring anode collector
the laser used for excitation is greater than the separations (inner collector, 8-mm diameter; outer collector, 18-mm
of the relevant hyperfine levels, a nonstationary intermedi- diameter). Data were obtained with the inner collector
ate state is produced which is a superposition (partially which provided a geometric acceptance angle of ± 20.
coherent) of hyperfine levels. The time evolution of this The collector output signal was digitized using a 100-
nonstationary state results in a mixing of the rnj states, MHz transient digitizer (DSP Technologies 2001A) and
which reduces the initially prepared alignment. Such transferred via a CAMAC (computer-automated mea-
effects have been described in detail by Fano and Macek 7  surement and control) interface to a laboratory computer
and Greene and Zare. 18 The nuclear-spin angular mo- (Compaq Deskpro 286).
mentum, I, of cesium is 7h/2 and the hyperfine coupling Photoelectron angular distributiors were measured by
time is of the order of a few nanoseconds. The alignment rotating the polarization of the excita on (dye) laser rela-
measured experimentally will therefore depend upon the tive to the electron collection directiot, while keeping the
duration of the laser pulse. Varying degrees of disalign- polarization of the 532-nm ionizing laser fixed. Typically,
ment thus provides an explanation for the differing results photoelectron signals were averaged over 100 laser shots
of Kaminski, Kessler, and Kollath14 and Compton et al. 15 and collected at 90 intervals. For the CDAD measure-
for the angular distribution of the 7P 3/2 level of cesium. ments, the dye laser was attenuated using neutral density

In this paper, we present CDAD results for the 7PI/ 2  filters in order to minimize the one-color (1+1) ionization
and 7P3/2 levels of cesium, using a Nd:YAG-pumped signal. For all CDAD measurements reported here, the
dye-laser system (YAG denotes ytrrium aluminum gar- two-color (I + I') ionization signal was >_ 100 times that
net) with - 6-ns pulse duration. Our results are in quali- of the one-color (1+1) signal. In addition, the two pro-
tative agreement with the theoretical predictions of Dubs, cesses could be distinguished by the difference in electron
Dixit, and McKoy. 9' 19 Quantitative differences between flight times (a difference of -30 ns or =0.39 eV). In
experiment and theory are attributed to hyperfine cou- order to obtain a CDAD signal, angular distributions were
pling effects during the laser-pulse duration, which were recorded for both left and right circular polarizations of
not included in the theory. the ionizing laser.

EXPERIMENT RESULTS AND DISCUSSION

The experimental CDAD measurements were per- The CDAD signal at a given photoelectron ejection an-
formed in an atomic beam apparatus with a base pressure gle (relative to the polarization direction of the excitation

Sl0
- 7 Torr. A pulsed Nd.YAG-pumped dye laser sys- laser) is defined 9 as the difference in signals obtained for

tem (Quanta-Ray DCR,PDL) with a pulse duration of ionization with left (IL) and right (IR) circular polariza-
6 ns provided the radiation for both the excitation and tions. IDAD(O) =IL (0) -IR (0). Experimental angular

ionization steps. The output of the d)e laser was linearl) distributions for the 7Pi/2 level of cesium, using left and
polarized to i 98c (using a Glan air prism) and was right circularl polarized light for ionization, are shown in
tuned to either the 6S,, 2 - 7P, 2 or 6S1,2 - 7P 3,2 transi- Fig. 1 (a). As described above, absorption of linearly po-
tion of atomic cesium. A second laser beam (532 nm, larized light b) ground-state cesium atoms produces equal
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FIG. i. Photoelectron angular distributions for the (a) 7PI,2  signal averaged over several hundred laser shots); (-) theory
and (b) 7 P3/2 levels of cesium, using left (L) and right (R) cir- (Ref. 19) (without hyperfine corrections); (---) theory including,
cularly polarized light for ionization. Error bars represent one hyperfine corrections (as described in text).
standard deviation of the signal averaged over several hundred
laser shots.

CDAD signal is considerably smaller than that of the
theoretical calculations. Theoretically, the CDAD inten-

populations of the mj ± 1/2 states of the 7P 1/2 level and sity, ICDAD(0), is given by 10
the atom is therefore (by definition) not aligned. As ex-
pected for a system which is not aligned, the angular dis- ICDAD(0) -Y aLP (cos0), (3)
tributions for ionization with left and right circularly po- L
larized light are found to be identical and ICDAD(O) where Pi! (cosO) are associated Legendre polynomials
equals zero at all angles (i.e., there is no circular di- and a,. =AL 3 L. Here, AL are the state multipole moments
chroism). This result, while expected, provided confidence of the angular momentum distribution (which describe
that (i) a high purity of circular polarization of the ioniza- the alignment of the atom) and #1 describe the dynamics
tion laser was maintained, (ii) spatial overlap of the two of the photoionization event, including the matrix ele-
laser beams remained constant during rotation of the ments and phase shifts of the continuum partial waves. 9,10

excitation-beam polarization, and (iii) the (I + I) contri- For one-photon excitation from an unaligned ground
bution to the photoelectron signal was negligible com- state, only A 2 (the quadrupole moment of the angular
pared to the ( + I') signal. momentum distribution) contributes to the alignment of

A similar plot of angular distributions for the 7P 3/2 1ev- the intermediate level and Eq. (3) reduces to
el is shown in Fig. 1 (b). In this case, absorption of linear-
ly polarized light produces an aligned atom (the ICDAD(O) -1 A 2/ 2 sin(20). (4)

ImjI=3/2 and jmjj = 1/2 states are not equally popu- The theoretical result of Dubs, Dixit, and McKoy19 shown
lated) and the angular distributions for ionization by left in Fig. 2 (solid line) is based upon Eq. (4) with the as-
and right circularly polarized light are clearly different. sumption that no time elapses between excitation and ion-
Figure 2 shows the resulting CDAD signal, which has ization and hence the alignment (A 2) does not change. In
been normalized to the average of the signals at 0=0 and the present experiments, as much as = 6 ns can elapse be-

1r/2: tween excitation and ionization. As described above and

SN (0) IL (0) - I, (0) discussed by Fano and Macek 17 and Greene and Zare, 18

S()= [I(O)+/r2)] (2) the presence of unresolved hyperfine levels (which areUcoherently excited) induces a time dependence in the mul-
Note that, by symmetry, I(O)=IR(0) =I(0) at 0=0 tipole moments of the electronic angular momentum dis-
and if12. Also shown in Fig. 2 (solid line) are the theoreti- tribution. In general, the hyperfine coupling reduces the
cal CDAD results of Dubs, Dixit, and McKoy 19 (using alignment initially produced in the excitation step. In the
the same normalization procedure) for ionization with present experiments, the bandwidth of the excitation laser
532-nm light, based upon the theory of Ref. 9. Qualita- is greater than the splitting of the hyperfine levels of the
tively, the experimental results are consistent with the 7P3 /2 level and a superposition of these hyperfine levels
theoretical predictions. the CDAD signal vanishes at 0=0 (F =5, 4, 3, 2) is excited. A decrease in alignment caused
and ff/2 and has a characteristic sin(20) angular depen- by hyperfine coupling may therefore affect the CDAD re-
dence. However, the magnitude of the experimental suits.
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In order to quantitatively estimate the effect of mation of the long-time limit) results in much better, al-
hyperfine coupling on the CDAD results, the time depen- though not statistically perfect, agreement between theory
dence of A 2 was calculated using the theory of Fano and and experiment. The remaining discrepancy is not supris-
Macek.17,18 In the actual CDAD experiment, each Cs ing in view of the fact that the long-time limit used to ob-
atom will undergo a different amount of depolarization tain Eq. (5) only roughly approximates the 6-ns laser
depending on the time between excitation and ionization, pulse duration used for the experiments.
and the measured alignment will be a convolution of the We conclude that CDAD is indeed a sensitive method
time dependence of the depolarization, the ionization rate, for measuring the alignment of atomic systems and should
and the laser power and pulse shape. In order to simplify be a useful technique in many areas of atomic and molec-
the calculation considerably, we calculated the average ular physics. Further experiments are planned to measure
value of A 2 in the "long-time limit,"' 8 which is applicable CDAD in the absence of hyperfine depolarization using
when ionization occurs over a time period which is much high-resolution diode lasers to excite single hyperfine lev-
longer than the time of precession of J about F. In this els of heavy atoms.
limit, the average value of A2 is given by 18
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